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Annual  Report  for  Award  Number  DAMD17-98-2-8019 
Covering  Period  9/1/98  -  8/31/99 


INTRODUCTION 

Acetylcholinesterase  (AChE)  hydrolyzes  its  physiological  substrate  acetylcholine  at  one 
of  the  highest  known  catalytic  rates.  X-ray  crystallography  and  mutagenesis  studies  have 
revealed  that  the  enzyme  active  site  consists  of  an  acylation  site  near  the  bottom  of  a  deep  gorge 
and  a  peripheral  site  at  its  mouth.  Despite  this  information  on  the  enzyme  structure,  little  is 
known  about  how  the  peripheral  site  contributes  to  the  catalytic  mechanism  of  the  enzyme  and 
how  to  exploit  this  site  for  the  design  of  new  ligands  that  modify  enzyme  activity.  The  purpose 
of  our  research  project  is  to  understand  the  way  peripheral  site  ligands  inhibit  AChE  activity  and 
the  functional  role  that  this  site  plays  in  the  hydrolysis  of  acetylcholine.  Specifically,  we  intend 
to  resolve  the  residues  in  AChE  through  which  the  peripheral  site  inhibitors  fasciculin  and 
propidium  exert  their  inhibitory  effect  on  the  enzyme  acylation  site.  Our  studies  will  both 
provide  new  information  about  enzyme  mechanisms  and  indicate  new  strategies  for  the  design  of 
drugs  that  can  defend  AChE  against  inactivation  by  organophosphates.  Organophosphates  (OPs) 
are  rapidly  hydrolyzed  by  AChE  but  dephosphorylate  from  the  acylation  site  at  an  extremely 
slow  rate.  This  slow  removal  of  the  phosphate  group  traps  the  enzyme  in  a  phospho-intermediate 
state,  irreversibly  inactivating  AChE.  A  goal  of  our  project  is  to  use  the  information  gained  in 
the  above  efforts  to  design  new  peripheral  site  ligands  that  selectively  inhibit  AChE 
phosphorylation  while  allowing  sufficient  activity  with  acetylcholine  to  maintain  physiologic 
function.  Our  efforts  have  focused  on  cyclic  ligands  that  are  specific  for  the  peripheral  site  and 
selectively  hinder  the  access  of  organophosphates  to  the  acylation  site.  Identification  of  such 
ligands  from  large  combinatorial  libraries  could  lead  to  the  design  of  drugs  that  would  protect 
individuals  from  organophosphate  poisoning.  The  search  for  AChE  protective  compounds 
remains  necessary  due  to  the  continued  use  of  organophosphates  as  chemical  warfare  agents  and 
pesticides.  This  report  summarizes  the  progress  of  our  research  as  outlined  in  the  Statement  of 
Work  section  of  our  approved  research  proposal. 
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Steric  blockade  at  the  peripheral  site 

The  first  aim  from  our  project  proposal  involved  the  examination  of  our  nonequilibrium 
hypothesis  of  AChE  substrate  hydrolysis.  As  outlined  previously  in  our  proposal,  several  of  the 
properties  of  AChE  catalysis  and  inhibition  suggested  that  AChE  does  not  obey  simple 
equilibrium  kinetics.  First,  AChE  hydrolyzes  its  physiological  substrate  acetylcholine  at  rates 
approaching  a  diffusion-controlled  reaction  (i),  despite  the  enclosure  of  the  enzyme  catalytic  site 
within  a  deep  gorge  (2).  Second,  the  binding  and  subsequent  inhibition  of  AChE  by  the  small 
peripheral  site  ligand  propidium  could  not  be  easily  explained  by  a  mechanism  involving  an 
induced  conformational  change  in  AChE  (5;  4).  In  Szegletes  et  al.  (1998)  (see  Appendix,  5),  we 
examined  whether  substrate  or  inhibitor  equilibrium  with  the  enzyme  influenced  the  process  of 
inhibition.  Our  assumption  was  that  AChE  binds  and  turns  over  substrate  so  quickly  that 
substrate  cannot  equilibrate  within  the  enzyme  active  site  prior  to  catalysis.  In  relation  to  the 
classical  catalytic  pathway  for  AChE  (see  Appendix,  5),  this  nonequilibrium  condition  is 
required  because  the  enzyme  acylation  step  k2  exceeds  the  substrate  dissociation  step  k.^.  This 
assumption  was  both  experimentally  and  computationally  confirmed  for  the  first  time  in  the 
AChE  field  by  our  laboratory.  The  analysis  led  us  further  to  propose  an  initial  steric  blockade 
model  of  peripheral  site  inhibition.  This  model  states  that  the  only  effect  of  bound  peripheral  site 
ligand  is  to  retard  substrate  entry  into  or  exit  from  the  acylation  site  without  altering  the  substrate 
binding  affinity.  According  to  the  model,  the  binding  of  small  peripheral  site  ligands,  such  as  the 
aromatic  compound  propidium,  inhibits  AChE  without  inducing  any  conformational  change  in 
the  enzyme  structure.  Using  a  combination  of  experimental  and  simulated  data,  we  were  able  to 
accurately  account  for  the  inhibitory  activity  of  small  peripheral  site  ligands  (propidium  and 
gallamine)  for  both  a  charged  (acetylthiocholine)  and  neutral  (phenyl  acetate)  AChE  substrate 
(see  Appendix,  5).  We  provided  support  for  the  steric  blockade  model  and  nonequilibrium 
assumption  by  showing  that  propidium  bound  to  the  peripheral  site  slowed  the  entry  and  exit  of 
equilibrating  acylation  site  ligands  huperzine  A  and  TMTFA  (by  factors  up  to  300  fold)  but  had 
only  a  small  thermodynamic  effect  on  the  ligand  equilibrium  dissociation  constant  (Figure  1,  see 
Appendix,  5). 

Substrate  binding  at  the  peripheral  site 

Our  combined  kinetic  studies  and  computational  simulations  allowed  us  to  extend  the 
steric  blockade  model  to  explain  several  other  well  known  but  poorly  understood  catalytic 
properties  of  AChE  in  Szegletes  et  al.,  1999  (see  Appendix,  6).  At  high  acetylthiocholine 
substrate  concentrations,  our  initial  simulated  data  involving  propidium  inhibition  deviated 
somewhat  from  the  experimental  data.  This  deviation  was  abolished  by  the  inclusion  of  steps  in 
the  catalytic  pathway  describing  the  formation  and  dissociation  of  product  and  by  the  proposal 
that  propidium  bound  to  the  peripheral  site  blocked  product  dissociation  (Scheme  1,  see 
Appendix,  6).  Experimental  evidence  for  acetylthiocholine  binding  to  the  peripheral  site  was 
obtained  in  competition  binding  studies  where  this  substrate  was  found  to  be  completely 
competitive  with  propidium  and  partially  competitive  with  fasciculin  for  enzyme  binding  (Figure 
2,  see  Appendix,  6).  These  observations  indicated  that  substrate  binding  to  the  peripheral  site 
was  an  initial  step  in  the  catalytic  pathway  and  could  lead  to  the  well-known  phenomenon  of 
substrate  inhibition  (7).  Substrate  inhibition  was  previously  hypothesized  to  occur  when 
substrate  concentration  was  high  enough  for  a  second  substrate  molecule  to  occupy  the  acylation 


6 


¥ 


or  peripheral  site  and  prevent  catalysis.  Our  extended  model  showed  that  substrate  binding  to  the 
peripheral  site  can  promote  catalysis  at  low  substrate  concentration  but  inhibit  it  at  high  substrate 
concentration  because  of  steric  blockade  of  product  dissociation  (6).  These  observations  led  us 
to  the  hypothesis  that  the  AChE  peripheral  site  has  evolved  to  serve  as  an  initial  substrate¬ 
docking  site  on  the  enzyme  that  precedes  transfer  of  the  substrate  to  the  acylation  site  for 
catalysis.  A  consequence  of  this  hypothesis  is  that  this  initial  docking  of  substrate  to  the 
peripheral  site  accelerates  hydrolysis  by  improving  the  apparent  affinity  of  substrate  for  the 
enzyme  (^Tapp).  This  acceleration,  resulting  from  an  increase  in  the  number  of  productive 
enzyme-substrate  encounter  complexes  and  a  decrease  in  amount  of  substrate  dissociation  prior 
to  catalysis,  represents  a  novel  form  of  molecular  optimization  for  an  enzyme  catalyzed  reaction. 
More  importantly  for  our  long  term  project  goals,  this  strongly  supports  the  targeting  of  the 
AChE  peripheral  site  for  the  design  of  ligands  to  modify  enzyme  specificity  or  activity. 

Organophosphorylation  and  peripheral  site  inhibition 

The  results  from  the  research  described  above  (see  Appendix,  5;  6),  in  conjunction  with 
previous  work  from  this  laboratory  (8;  9),  provided  the  most  detailed  information  to  date  on  the 
process  of  peripheral  site  inhibition  of  AChE.  It  is  crucial  to  our  proposed  research  project, 
however,  to  elucidate  the  effect  of  peripheral  site  inhibitors  on  the  hydrolysis  and  subsequent 
inactivation  of  AChE  by  toxic  OPs.  In  Mallender  et  al.,  1999  (see  Appendix,  10),  we  initiated 
studies  of  peripheral  site  inhibition  of  AChE  organophosphorylation  using  two,  fluorogenic  OPs. 
Positively  charged  DEPQ  (7-diethoxyphosphoryloxy-N-methylquinolinium)  and  neutral  EMPC 
(7-methylethoxyphosphonyloxy-4-methylcoumarin)  were  used  because  their  phosphorylation  of 
AChE  can  be  measured  by  both  classical  enzyme-inactivation  assays  (11)  and  by  direct 
observation  of  the  release  of  their  fluorescent  leaving  group  (10).  Also,  OPs  obey  classical 
equilibrium  kinetics  with  AChE  because  they  equilibrate  in  the  active  site  before 
phosphorylating  the  active  site  S200  residue.  Our  steric  blockade  model  predicted  that 
propidium  would  be  relatively  ineffective  as  an  inhibitor  of  equilibrating  ligands  and  substrates 
at  the  acylation  site  of  AChE.  Thus,  examination  of  peripheral  site  inhibition  of  OP  hydrolysis 
served  as  further  evaluation  of  our  steric  blockade  hypothesis.  Consistent  with  our  steric 
blockade  model,  propidium  had  relatively  modest  effects  on  the  second-order  rate  of 
phosphorylation  (see  Appendix,  10). 

In  contrast  to  these  results,  the  larger  polypeptide  inhibitor  fasciculin  dramatically 
decreased  the  phosphorylation  rate  constants  upon  binding  to  the  AChE  peripheral  site  (10^  to 
10^  fold).  This  pronounced  inhibition  of  both  the  first-  and  second-order  phosphorylation  rates 
was  further  evidence  of  a  conformational  change  in  the  AChE  acylation  site  uniquely  resulting 
from  fasciculin  binding  at  the  peripheral  site  (8).  Comparison  of  phosphorylation  data  obtained 
by  fluorometry  with  data  obtained  by  enzyme  inactivation  measurements  revealed  a  striking 
discrepancy  for  measurements  obtained  in  the  presence  of  saturating  amounts  of  fasciculin. 

Bound  fasciculin  decreased  the  second-order  phosphorylation  rate  constants  only  2-5  fold  when 
measured  by  enzyme  inactivation  methods  (see  Appendix,  10).  This  raised  the  concern  that  the 
AChE  activity  observed  during  inactivation  by  OPs  did  not  arise  from  the  fasciculin  bound 
AChE.  Indeed,  varying  the  ratio  of  OP/ AChE  in  the  presence  of  saturating  fasciculin  indicated 
that  a  small  portion  of  the  AChE  in  the  sample  was  reacting  with  DEPQ  as  if  fasciculin  was  not 
inhibiting  the  enzyme  (see  Appendix,  10).  We  were  able  to  quantify  this  population  of 
"fasciculin  inhibition-resistant"  enzyme  by  careful  titration  of  AChE  with  DEPQ  in  the  presence 
and  absence  of  saturating  concentrations  of  fasciculin  (see  Appendix,  10).  Examination  of 
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stopped-flow  measurements  of  the  release  of  fluorescent  OP  product  in  the  presence  of  saturating 
fasciculin  also  confirmed  the  presence  of  more  than  one  OP  hydrolysis  rate  (see  Appendix,  10). 
This  population  of  fasciculin  inhibition-resistant  AChE  could  be  neutralized  by  pretreatment  of 
the  AChE-fasciculin  sample  with  a  small  quantity  of  DEPQ,  yielding  EMPC  phosphorylation 
rates  with  fasciculin-bound  AChE  that  were  in  good  agreement  with  data  obtained  from 
fluorometric  assays  (see  Appendix,  10).  The  discovery  of  this  fasciculin  inhibition-resistant 
AChE  population  is  significant  because  it  obscures  kinetic  properties  of  the  AChE-fasciculin 
complex  measured  by  enzyme  inactivation  methods  used  frequently  in  the  AChE  literature  {10; 

i  UflkittSHst)  b/mt ; 

Role  ofD72  in  substrate  and  ligand  binding  ' 

To  this  point  in  the  research  project  we  have  focused  on  clarifying  the  role  of  the 
peripheral  site  in  the  catalytic  pathway  of  AChE  (5;  6;  10).  Specifically,  we  now  have  the  ability 
to  monitor  individual  catalytic  steps  during  the  hydrolysis  of  equilibrating  and  nonequilibrating 
AChE  substrates  in  the  presence  and  absence  of  peripheral  site  ligands.  We  decided  to  further 
examine  the  location  of  substrate  binding  in  the  AChE  peripheral  site.  As  discussed  earlier,  in  6 
we  deduced  that  acetylthiocholine  binds  to  the  peripheral  site  during  catalysis  because  of  its 
ability  to  partially  compete  with  fasciculin  for  binding  to  the  enzyme.  Propidium  on  the  other 
hand  is  completely  competitive  with  both  fasciculin  and  acetylcholine  {6;  12).  Crystal  structures 
of  the  fasciculin-AChE  complexes  show  that  fasciculin  makes  extensive  contacts  with  the 
peripheral  site,  occluding  most  of  the  peripheral  site  surface  from  any  interaction  with  substrate 
{13;  14).  However,  the  crystal  structures  did  reveal  that  residue  D72  in  the  peripheral  site  was 
slightly  too  deep  in  the  gorge  to  make  direct  contact  with  fasciculin  and  that  free  volume 
remained  near  D72  where  acetylthiocholine  could  bind  and  still  allow  fasciculin  association. 
Molecular  modeling  studies  have  indicated  that  the  area  around  D72  is  occupied  by  propidium 
upon  AChE  binding  (see  Appendix,  5;  15).  Previous  studies  have  also  demonstrated  that  D72  is 
an  important  residue  in  determining  the  hydrolysis  rates  of  acetylcholine  and  cationic 
organophosphates  {15-17). 

To  determine  whether  substrate  could  bind  in  the  peripheral  site  at  D72,  we  constructed 
the  human  D72G  mutant  and  measured  its  ability  to  bind  substrate  at  the  peripheral  site.  These 
studies  were  also  conducted  with  wild  type  and  the  D72G  mutant  of  Torpedo  califomica  AChE 
to  assess  the  importance  of  D72  in  substrate  binding  at  the  peripheral  site  in  AChE  from  another 
species.  We  also  examined  the  effects  of  bound  fasciculin  on  the  rate  of  OP  hydrolysis  by 
human  D72G  to  determine  whether  D72  plays  a  role  in  the  mechanism  of  AChE  inhibition  by 
fasciculin.  Substrate  inhibition  and  fasciculin  competition  assays  showed  that  D72  was  indeed 
required  for  the  binding  of  acetylthiocholine  to  the  peripheral  site  of  human  AChE  (Figure  3,  see 
Appendix,  18).  The  D72G  mutation  caused  significant  increases  in  both  the  (substrate  affinity 
in  the  peripheral  site  as  measured  by  fasciculin  competition)  and  the  (substrate  inhibition 
constant).  The  effect  was  not  as  pronounced  in  the  Torpedo  D72G  mutant  indicating  that  AChE 
from  different  species  may  possess  slightly  different  molecular  surfaces  for  binding  substrate  in 
the  peripheral  site.  When  examining  OP  hydrolysis  by  D72G  AChE,  we  confirmed  previous 
studies  by  showing  that  D72  was  responsible  for  the  enhanced  reactivity  of  cationic  OPs  with 
AChE  {10;  17;  18).  Examination  of  peripheral  site  inhibition  with  D72G  and 
organophosphorylation  did  reveal  unexpected  results.  As  seen  with  wild  type  AChE,  propidium 
was  relatively  ineffective  as  an  inhibitor  of  organophosphorylation  (as  predicted  by  our  steric 
blockade  model)  while  fasciculin  was  still  able  to  dramatically  reduce  the  rate  of  OP  hydrolysis 
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(see  above  and  10;  18).  Surprisingly,  the  inhibitory  effect  of  fasciculin  on  the  maximal  catalytic 
turnover  rate  (ko?)  for  the  neutral  EMPC  was  dramatically  reduced  in  the  D72G  mutant  (18). 
Collectively,  our  analyses  of  the  D72G  mutation  have  determined  that  this  residue  plays  a 
significant  role  in  the  function  of  this  enzyme.  First,  we  have  shown  that  D72  serves  as  an  initial 
docking  site  for  substrate  at  the  peripheral  site,  serving  to  optimize  the  catalytic  activity  of  the 
enzyme  at  low  substrate  concentration  by  lowering  K^pp  (18).  Second,  we  have  determined  that 
D72  is  critical  for  the  transmission  of  conformational  signals  from  the  peripheral  site  to  the 
acylation  site  upon  fasciculin  binding.  Even  though  D72  does  not  contact  with  fasciculin,  it  may 
regulate  a  structural  feature  of  AChE  that  influences  fasciculin  binding  and  inhibitory  activity. 

Cyclic  ligand  design  and  screening 

In  addition  to  our  biochemical  studies  of  the  enzyme  mechanism,  we  have  been  equally 
engaged  in  efforts  to  identify  novel  peripheral  site  specific  ligands  that  may  serve  as  protective 
compounds  against  organophosphorylation.  The  ideal  AChE  protective  peripheral  site  ligand 
must  exclude  OPs  from  the  acylation  site  while  not  significantly  interfering  with  acetylcholine 
passage.  Our  search  for  such  ligands  has  focused  on  cyclic  peptide  and  pseudopeptide 
compounds.  Cyclic  peptide  or  pseudopeptide  molecules  have  a  variety  of  advantages  that  we 
intend  to  exploit  during  the  course  of  our  studies.  First,  a  cyclic  molecule  is  shaped  like  a  ring  in 
which  the  pore  can  be  designed,  in  theory,  with  appropriate  molecular  properties  (i.e.  exclude 
passage  of  bulky  OPs  while  allowing  smaller  acetylcholine  to  pass).  Relatively  small  cyclic 
compounds  consisting  of  6  to  8  amino  acids  possess  the  necessary  space  to  permit  passage  of 
acetylcholine.  The  incorporation  of  both  natural  and  unnatural  amino  acids  permits  the  use  of 
combinatorial  methods  to  synthesize  an  enormous  number  of  cyclic  compounds  in  libraries  of 
various  size.  Finally,  cyclic  peptides  are  conformationally  constrained  and  amenable  to  available 
molecular  modeling  software. 

Most  of  our  cyclic  libraries  have  been  prepared  using  side  chain  resin  attachment.  This 
involves  a  benzyl  ester  linkage  to  traditional  Merrifield  polystyrene  resin  or  to  para- 
methylbenzhydrylamine  (MBHA)  resin  depending  on  whether  an  Asp,  Asn  or  Gin  residue  is  the 
point  of  attachment.  These  attachment  methods  can  be  combined  with  various  methods  of  a- 
carboxyl  protection,  as  well  as  with  standard  Boc  or  Fmoc-based  methods  of  solid  phase  peptide 
chain  elongation.  Peptide  products  were  purified  to  homogeneity  by  passing  them  through  a 
reversed  phase  HPLC  column  via  solid  phase  extraction  followed  by  elution  with  various 
polarity  solvents  (i.e.  water  with  increasing  acetonitrile).  Product  purity  and  identity  in  the  initial 
elution  fraction  was  confirmed  with  electrospray  ionization  mass  spectrometry.  The  lyophilized 
peptides  were  then  submitted  for  analysis  of  AChE  binding  activity  and  specificity  with  two 
assays  formatted  for  high  throughput  screening  in  a  microtiter  plate  reader.  First,  each  peptide  is 
assayed  for  inhibition  of  steady-state  acetylthiocholine  hydrolysis  in  a  standard  AChE  activity 
assay  (19).  Second,  each  product  is  tested  for  the  ability  to  compete  with  fasciculin  and  decrease 
fasciculin  association  rates  in  a  continuous  AChE  activity  assay  where  fasciculin  association 
rates  are  examined  (5). 

Our  initial  efforts  consisted  of  screening  large  libraries  of  cyclic  peptides  synthesized 
with  random  amino  acid  sequences.  These  libraries  were  designed  to  examine  the  effect  of  ring 
size  (5-  to  9-  member  cyclic  peptides),  peptide  backbone  (D-  amino  acids,  L-  amino  acids, 
unnatural  peptide  linkages  (thioether,  aminosubstituted)),  and  amino  acid  side  chain  composition 
(charge,  hydrophobicity,  aromaticity).  Screening  over  400  hundred  libraries  consisting  of 
several  million  individual  compounds  detected  a  large  variety  of  compounds  that  could  inhibit 
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AChE  activity  from  0  to  75%  and  fasciculin  association  from  0  to  45%  (data  not  shown). 

Despite  the  vast  number  of  compounds  that  were  indicated  as  positive  in  these  screening  assays, 
several  common  features  began  to  emerge  from  the  libraries  screened.  First,  most  of  the  libraries 
that  gave  positive  results  possessed  amino  acid  sequences  with  positively  charged  residues. 
Second,  there  was  a  clear  preference  in  binding  and  inhibitory  activity  for  libraries  with  7-  and  8- 
residue  cyclic  peptides.  The  diversity  of  libraries  identified  in  this  screening  procedure  is  very 
encouraging,  as  it  demonstrates  that  numerous  amino  acid  sequences  have  potential  as  AChE 
peripheral  site  specific  inhibitors. 

With  the  information  gained  from  our  initial  screening  of  random  peptide  libraries,  we 
initiated  the  direeted  design  of  the  next  series  of  cyclic  compound  libraries  using  the  peptide 
inhibitor  fasciculin  as  the  prototype.  Fasciculin  serves  as  an  excellent  example  of  the  kind  of 
AChE  inhibitor  that  would  be  necessary  for  the  protection  of  the  enzyme  from  OPs.  Fasciculin 
is  specific  for  the  AChE  peripheral  site  and  displays  an  impressive  affinity  for  the  enzyme  (Kp  ~ 
10  -  20  pM)  {8;  20).  Furthermore,  the  structure  of  fasciculin  consists  of  three  finger-like  loops 
protruding  from  a  central  disulfide  linked  core  (27).  This  makes  the  sequence  of  faseiculin 
amenable  for  the  design  of  small  cyclic  peptide  structures.  Previous  studies  have  shown  that 
disulfide  linked  cyclic  peptides  based  on  the  loops  of  fasciculin  could  bind  to  AChE  and  inhibit 
enzyme  activity,  but  with  affinities  that  were  10^  times  lower  than  the  natural  toxin  (22).  We 
have  employed  molecular  modeling  using  the  crystal  structure  of  the  AChE-fasciculin  complex 
{13;  14)  to  design  individual  cyclic  peptides  and  peptide  libraries  based  on  the  primary  amino 
acid  sequence  of  loop  II  of  fasciculin.  This  loop  of  fasciculin  displays  the  greatest  area  of 
contact  when  in  complex  with  the  AChE  peripheral  site.  Our  initial  efforts  focused  on  cyclic 
peptides  based  on  the  fasciculin  primary  sequence  of  cyclo[Arg-Arg-His-Pro-Pro-Lys-Met-Xxx], 
where  Xxx  serves  as  the  resin  bound  attachment  point  (Asp,  Asn,  Glu,  or  Gin)  (Figure  4). 
Screening  of  eight  individual  cyclic  peptides  based  on  this  structure,  with  amino  acid  variations 
at  position  1  (L/D  Ala,  Phe,  Pro  and  Tyr)  showed  that  all  of  these  compounds  could  significantly 
inhibit  AChE  activity  (>80%)  and  fasciculin  association  (>80%).  More  encouraging  was  the 
finding  that  several  of  these  compounds  continued  to  display  AChE  binding  at  concentrations  as 
low  as  1  pM,  indicating  that  these  compounds  have  significant  specificity  and  affinity  for  the 
AChE  peripheral  site  (Figure  5). 

Upon  closer  examination  of  the  AChE-fasciculin  crystal  structure,  computational 
evaluation  of  the  buried  surface  area  between  loop  II  and  the  AChE  peripheral  site  indicated 
several  fasciculin  amino  acids  in  our  cyclic  peptide  structure  that  do  not  make  direct  contact  with 
the  enzyme.  Since  these  amino  acids  do  not  make  direct  contact  with  AChE,  the  amino  acids  at 
these  positions  can  be  varied  using  combinatorial  methods  to  evaluate  the  effeet  of  different  side 
chains  or  peptide  linkages  on  cyclic  peptide  activity.  Such  methods  include  the  use  of  positional 
seanning  and  library  deconvolution  to  assess  the  effect  of  amino  acid  composition.  These 
methods  have  been  used  previously  to  rediscover  a  naturally  occurring  peptide  ligand  from  large 
combinatorial  libraries  (25).  We  constructed  three  peptide  libraries  where  one  of  the  three  amino 
acids  was  fixed  and  the  other  two  positions  consisted  of  equal  amounts  of  the  total  amino  acid 
pool  tested.  For  this  screen,  the  pool  of  amino  acids  tested  at  the  three  variable  positions  were 
L/D  -  Pro,  Arg,  Tyr,  Leu,  and  Ser,  resulting  in  a  total  of  30  libraries  with  a  total  of  100  individual 
peptides  per  library.  Two  individual  peptide  compounds  were  also  synthesized  for  comparison 
(WMA-I-77-31/32,  cyclo[Arg-Ala/Arg-His-Pro-Pro-Lys-Met-Asn]).  These  libraries  displayed 
maximum  AChE  inhibition  values  of  >85%  and  maximum  fasciculin  association  inhibition 
values  of  >70%,  similar  to  the  original  fasciculin-mimetic  compounds  (data  not  shown). 
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Furthermore,  several  of  these  libraries  displayed  AChE  binding  activity  when  diluted  to  total 
library  concentrations  below  1  pM,  corresponding  to  an  individual  peptide  concentration  of  less 
than  10  nM.  The  inhibitory  activity  of  these  libraries  may  result  from  the  collective  binding  of 
all  the  peptide  compounds  or  from  the  binding  of  only  a  small  number  of  peptides,  and  thus  the 
affinity  of  the  inhibitory  libraries  could  span  a  wide  range. 

The  next  set  of  cyclic  peptide  compounds  was  designed  to  test  the  effect  of  different 
attachment  residues  on  the  function  of  the  cyclic  peptides.  Our  most  recent  libraries  have  used 
Asn  as  the  attachment  residue  instead  of  Asp  to  remove  the  negative  charge  Asp  would  have 
after  cleavage  from  the  synthesis  resin.  For  this  set  of  peptides,  we  tested  the  difference  between 
L,  D  -  Asn  and  L,  D  -  Gin  on  a  fasciculin  loop  mimetic  peptide  (cyclo[Arg-Ala-His-Pro-Pro-Lys- 
Met-Asn/D-Asn/Gln/D-Gln]).  In  our  AChE  inhibition  and  fasciculin  association  competition 
assays,  these  four  compounds  showed  similar  effectiveness  as  the  previous  set  of  cyclic  libraries 
(Figure  6).  Similarly,  these  compounds  showed  AChE  binding  activity  at  concentrations  as  low 
as  100  nM,  suggesting  affinities  in  the  low  pM  range.  Furthermore,  our  screening  results 
indicated  that  the  peptides  using  L  -  Gin  (PJR-V-95-1)  showed  slightly  higher  activity  against 
AChE  in  both  sets  of  assays  (Figure  6).  Our  most  recent  characterization  of  compound  PJR-V- 
95-1  includes  a  complete  series  of  steady  state  inhibition  measurements  for  Kj  determination 
(Figure  7).  This  peptide  displays  a  Ki  of  27  pM  and  behaves  as  a  noncompetitive  inhibitor  of 
AChE  hydrolysis,  consistent  with  the  results  from  our  initial  screening  for  enzyme  inhibition  and 
fasciculin  competition  at  the  peripheral  site.  Future  cyclic  peptide  libraries  will  be  constructed  to 
further  probe  the  possible  modifications  of  fasciculin  based  structures  on  AChE  binding  activity. 
We  also  intend  to  incorporate  novel  backbone  modifications  (bicyclic  crosslinking  or  a,  a- 
substituted  amino  acids  (see  Appendix))  to  further  restrain  the  conformation  of  our  cyclic 
compounds  and  presumably  increase  their  potential  affinity  for  the  AChE  peripheral  site. 
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KEY  RESEARCH  ACCOMPLISHMENTS 


>  Introduction  of  nonequilibrium  analysis  of  AChE  substrate  and  inhibitor  interaction  by 
experimentation  and  eomputational  analyses. 

>  Proposal  and  validation  of  sterie  blockade  model  of  AChE  inhibition  by  small  peripheral  site 
ligands.  Refinement  of  nonequilibrium  analysis  to  inelude  steps  involving  product 
formation,  product  dissociation  and  peripheral  site  binding  of  substrate.  Applieation  of 
models  to  explain  the  phenomenon  of  substrate  inhibition 

>  Analysis  of  the  effect  of  peripheral  site  inhibition  on  organophosphorylation.  Further 
validation  of  sterie  blockade  model  of  AChE  peripheral  site  inhibition  with  equilibrating 
organophosphate  substrates.  Identification  of  a  small  percentage  of  AChE  that  is  resistant  to 
fasciculin  inhibition  and  demonstration  that  this  population  obscures  organophosphate 
inactivation  measurements  of  the  fasciculin- AChE  complex. 

>  Identification  of  D72  as  a  key  residue  in  substrate  binding  at  the  AChE  peripheral  site. 
Confirmation  that  D72  is  responsible  for  the  preferential  hydrolysis  of  eationic 
organophosphate  substrates  by  AChE.  Determination  that  D72  plays  a  role  in  the 
transmission  of  a  conformational  change  induced  upon  fasciculin  binding  that  results  in 
AChE  inhibition. 

>  Construction  and  screening  of  a  large  number  of  cyclic  peptide  libraries  to  determine  the 
general  properties  that  foster  AChE  peripheral  site  binding  and  inhibition.  Implementation  of 
molecular  modeling  to  use  the  naturally  occurring  loops  of  the  high  affinity,  peripheral  site 
inhibitor  fasciculin  for  the  design  of  cyclic  peptide  compounds.  Screening  and  identification 
of  fasciculin  loop  mimetics  that  possess  specificity  and  affinity  for  the  AChE  peripheral  site. 
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CONCLUSIONS 


We  have  introduced  and  confirmed  both  by  experimentation  and  computer  simulation,  an 
alternative  nonequilibrium  analysis  of  the  steady-state  inhibition  patterns  of  AChE.  This 
analysis  includes  a  steric  blockade  model  which  assumes  that  the  primary  effect  of  a  small  ligand 
bound  to  the  peripheral  site  is  to  decrease  the  association  and  dissociation  rate  constants  for  an 
acylation  site  ligand  with  little  effect  on  the  equilibrium  constant  for  ligand  binding  to  the 
acylation  site.  Using  this  form  of  kinetic  analysis  and  our  new  model  for  peripheral  site 
inhibition,  we  concluded  that  the  inhibition  of  AChE  by  small  peripheral  site  ligands  such  as 
propidium  occurs  without  invoking  any  conformational  interaction  between  the  peripheral  site 
and  the  acylation  site.  Furthermore,  we  have  determined  that  the  physiological  role  of  the  AChE 
peripheral  site  is  to  accelerate  hydrolysis  at  low  substrate  concentration  by  serving  as  the  initial 
binding  site  for  substrate.  This  binding  event  at  the  peripheral  site  optimizes  catalytic  efficiency 
by  increasing  the  number  of  productive  associations  between  enzyme  and  substrate  while 
decreasing  the  amount  of  substrate  dissociation  prior  to  catalysis.  By  including  substrate  binding 
to  the  peripheral  site  as  the  initial  step  in  the  AChE  catalytic  pathway,  we  have  been  able  to 
explain  the  well-known  phenomenon  of  substrate  inhibition  as  a  blockade  of  product  dissociation 
when  substrate  saturates  the  peripheral  site.  In  addition  to  our  studies  with  acetylthiocholine,  we 
have  also  examined  the  hydrolysis  of  equilibrating  substrates  such  as  OPs.  As  predicted  by  our 
steric  blockade  model,  small  peripheral  site  ligands  such  as  propidium  were  relatively  ineffective 
as  inhibitors  of  organophosphorylation.  In  contrast,  the  polypeptide  neurotoxin  fasciculin 
dramatically  reduced  phosphorylation  rate  constants  when  bound  to  AChE.  This  pronounced 
inhibition  served  as  further  evidence  of  a  conformational  change  in  AChE  upon  fasciculin 
binding.  During  these  studies,  we  also  identified  small  sub-populations  of  enzyme  that  were 
resistant  to  fasciculin  inhibition  even  at  saturating  fasciculin  concentrations.  We  have  further 
examined  substrate  binding  at  the  peripheral  site  of  AChE  by  analysis  of  the  D72G  mutant 
enzyme.  We  have  shown  using  substrate  inhibition  and  fasciculin  competition  assays  that  D72  is 
the  residue  to  which  acetylthiocholine  binds  in  the  peripheral  site  of  human  AChE.  Along  with 
our  biochemical  analysis  of  AChE  and  AChE  inhibition,  we  have  continued  our  efforts  to  design 
cyclic  peptide  and  pseudopeptide  structures  with  specificity  for  the  peripheral  site.  Our  current 
studies  with  peptides  based  on  the  primary  sequence  of  fasciculin  we  have  identified  lead 
peptides  with  significant  affinity  and  specificity  for  the  AChE  peripheral  site.  Collectively,  the 
results  of  our  efforts  thus  far  represent  one  of  the  most  complete  analyses  of  the  AChE 
mechanism  of  catalysis  and  inhibition  reported  to  date.  We  are  now  applying  the  information 
gained  from  these  studies  into  the  design  and  screening  of  new  AChE  specific  ligands  for  the 
defense  of  the  enzyme  from  OP  poisoning. 
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Figure  Legends 


Figure  1.  Determination  of  association  and  dissociation  rate  constants  for  TMTFA  with  both 
AChE  and  the  AChE-propidium  complex.  AChE  (50  -  800  pM)  was  incubated  with  TMTFA 
(0.03  -  320  nM)  and  propidium  (0  -  100  pM)  and  aliquots  were  assayed  for  AChE  activity  at 
various  times.  Assay  points  (v)  were  normalized  to  parallel  control  assays  (vtmtfa=o)  containing 
identical  [AChE]  and  [propidium]  but  without  TMTFA.  First,  reaction  time  courses  for  6 
association  and  5  dissociation  reactions  in  the  absence  of  propidium  were  simultaneously  fit 
using  the  SCOP  simulation  program.  Then  reaction  time  courses  for  5  association  reactions 
containing  100  pM  propidium  and  8  dissociation  reactions  containing  20  -  100  pM  propidium 
were  simultaneously  fit.  Panel  A.  Assay  points  and  calculated  fits  to  4  association  reactions 
containing  100  pM  propidium,  800  pM  AChE,  and  TMTFA  (total  concentration:  -O-  320  nM;  - 
□  -64  nM;  -A-  33  nM;  -0-  6.4  nM).  Panel  B.  Assay  points  and  calculated  lines  to  4  dissociation 
reactions  containing  propidium  (-0-  0  pM;  -  □-20  pM;  -A-  40  pM;  -0-  100  pM),  AChE  (total 
concentration:  -O-  62  pM;  -  □-  250  pM;  -A-  620  pM;  -0-  620  pM),  and  TMTFA  (total 
concentration:  -O-  77  pM;  -  □-  310  pM;  -A-  770  pM;  -0-  770  pM)  (see  5). 

Figure  2.  Acetylthiocholine  binding  to  the  AChE  peripheral  site.  Panel  A.  The  hydrolysis  rate  v 
(AA412  nn/min)  for  the  approach  to  equilibrium  fasciculin  (F)  binding  was  measured  with  10  mM 
acetylthiocholine,  50  pM  AChE,  F  (a,  5  nM;  b,  3  nM;  c,  2  nM;  d,  1  nM),  and  buffered  50  mM 
NaCl  by  continuous  spectrophotometric  assay.  Rate  constants  {k)  obtained  were  then  plotted 
against  the  fasciculin  concentration  to  obtain  kon  (plot  not  shown).  Panel  B.  The  dependence  of 
fcon  on  the  acetylthiocholine  concentration  was  examined.  Indicated  points  representing  the 
average  of  three  or  four  kon  measurements  (exeept  at  15  mM)  were  fitted  to  give  apparent  Ks, 
estimates  of  3.6  +  1.0  mM  in  the  absence  of  propidium  ( O )  and  0.6  +  0. 1  mM  with  20  pM 
propidium  ( A ).  A  mean  Ks  of  1.5  mM  was  used  to  assign  k.s  and  to  generate  both  lines 
representing  the  simulated  dependence  of  ^on  on  [S]  (see  6). 

Figure  3.  Acetylthiocholine  binding  to  the  periphera^n^niuman  AChE.  Reaction  mixtures 
with  varying  amounts  of  acetylthiocholine  were  supplemented  with  NaCl  such  that  [S]  +  [NaCl] 
=  60  mM  to  maintain  constant  ionic  strength.  Panel  A.  Substrate  inhibition  with 
acetylthiocholine.  Points  represent  initial  velocities  (pM  /min)  measured  at  the  indicated 
substrate  concentrations  with  wild  type  (-0-)  or  D72G  (-□-)  AChE  (90  pM).  Lines  fitted  with 
the  Haldane  equation  were  virtually  superimposable  with  those  shown  and  gave  /sTapp  =  88  ±  4 
pM  and  Kss  =  20  ±  1  mM  for  wild  type  AChE  and  =  1610  ±  80  pM  and  Kss  =  330  ±  70  mM 
for  the  D72G  mutant.  Panel  B:  Inhibition  of  fasciculin  3  binding  by  acetylthiocholine. 
Association  rate  constants  kon  for  fasciculin  3  measured  at  the  indicated  substrate  concentrations 
with  wild  type  (-0-)  or  D72G  (-□-)  AChE  were  determined  (data  not  shown).  Points  represent 
one  series  of  ^on  measurements,  and  lines  were  obtained  by  fitting  kwlk^!  to  0.52  +  0.06  (wild 
type)  or  0.6  ±  0.5  (D72G).  A  line  for  the  wild  type  AChE  closely  to  that  shown  and  gave  Ks  = 
1.3  ±  1.0  mM  and  k^p/kp  =  0.52  ±  0.06  (18). 

Figure  4.  Structure  of  cyclic  octapeptide  lead  analog.  Primary  sequence  of  cyclic  peptide  is 
cyclo[Arg-Ala-His-Pro-Pro-Lys-Met-Xxx]  where  Xxx  varies  between  L,D-Asn  (n  =  1)  and  L,D- 
Gln  (n  =  2). 
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Figure  5.  Screening  of  cyclic  peptide  series  WMA-I-76  for  AChE  binding  activity.  Cyclic 
peptides,  based  on  the  loop  II  primary  sequence  of  fasciculin,  were  assayed  for  the  ability  to  bind 
to  AChE  at  the  peripheral  site.  The  peptide  sequence  tested  was  cyclo[Arg-Arg-His-Pro-Pro- 
Lys-Met-Xxx],  where  Xxx  was  Asn  and  position  1  was  varied  with  amino  acids  L,D-Ala,  Phe, 
Pro  and  Tyr.  Fanel  A.  Cyclic  inhibitors  were  incubated  with  AChE  (33  pM)  and  tested  for 
inhibition  of  enzyme  activity  under  standard  assay  conditions  (19).  Results  are  plotted  as 
percentage  inhibition  of  reaction  velocities  (AA4i2nm/rnin)  based  on  controls  without  cyclic 
peptide  inhibitors.  Panel  B.  Cyclic  inhibitors  were  incubated  with  AChE  (400  pM)  and  tested 
for  the  ability  to  retard  the  association  rate  of  fasciculin  (2  nM)  under  standard  assay  conditions 
(19).  Rates  of  approach  to  equilibrium,  k,  were  calculated  for  each  reaction  and  results  are 
plotted  as  percentage  competition  based  on  controls  without  cyclic  peptide  inhibitors. 


Figure  6.  Screening  of  cyclic  peptide  series  PJR-V  for  AChE  binding  activity.  The  effect  of 
different  attachment  residues  was  tested  on  the  AChE  binding  activity  of  cyclic  peptides  based 
on  loop  n  of  fasciculin.  The  peptide  sequence  tested  was  cyclo[Arg-Ala-His-Pro-Pro-Lys-Met- 
Xxx],  where  Xxx  was  varied  with  amino  acids  L,D-Asn  and  L,D-Gln.  Panel  A.  Cyclic  inhibitors 
were  incubated  with  AChE  (33  pM)  and  tested  for  inhibition  of  enzyme  activity  under  standard 
assay  conditions  (19).  Results  are  plotted  as  percentage  inhibition  of  reaction  velocities  (AA412 
nm/niin)  based  on  controls  without  cyclic  peptide  inhibitors.  Panel  B.  Cyclic  inhibitors  were 
incubated  with  AChE  (400  pM)  and  tested  for  the  ability  to  retard  the  association  rate  of 
fasciculin  (2  nM)  under  standard  assay  conditions  (19).  Rates  of  approach  to  equilibrium,  k, 
were  calculated  for  each  reaction  and  results  are  plotted  as  percentage  competition  based  on 
controls  without  cyclic  peptide  inhibitors. 


Figure  7.  Steady  state  inhibition  of  AChE  hydrolysis  of  acetylthiocholine  by  cyclic  peptide 
inhibitor.  Panel  A.  Reciprocal  plots  of  initial  velocities  (AAmnm/niin)  and  substrate 
concentrations  were  determined.  Cyclic  peptide  PJR-V-95-1  concentrations  in  A  were  0  (O),  10 
pM  ( □ ),  and  30  pM  (A).  Panel  B.  The  slopes  of  plots  in  A  were  normalized  by  dividing  by  the 
slope  in  the  absence  of  inhibitor  and  plotted  against  the  inhibitor  concentration  to  derive  K\ 
values  for  PJR-V-95-1  of  26.5  ±  5.4  pM. 
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Presented  at  the  American  Society  for  Biochemistry  and  Molecular  Biology  1999  Meeting 

DIRECTED  DESIGN  OF  NOVEL  HIGH  AFFINITY,  PERIPHERAL  SITE 
ACETYLCHOLINESERASE  LIGANDS  TO  DEFEND  THE  ENZYME  AGAINST 
INACTIVATION  BY  ORGANOPHOSPHATES 

William  D.  Mallende/,  Wanli  Ma*,  Amo  F.  Spatola*  and  Terrone  L.  Rosenberry*. 

*  Department  of  Research,  Mayo  Clinic  Jacksonville,  Jacksonville,  FL  32224. 

*  Department  of  Chemistry,  University  of  Louisville,  Louisville,  KY  40292. 

Acetylcholinesterase  (AChE)  hydrolyzes  its  physiological  substrate,  acetylcholine,  at  one 
of  the  highest  known  catalytic  rates.  Various  studies  of  AChE  have  demonstrated  two  sites  of 
ligand  interaction:  an  acylation  site  near  the  catalytic  triad  at  the  base  of  the  active  site  gorge 
which  is  transiently  acetylated  at  S200  during  substrate  turnover,  and  a  peripheral  site  at  the 
entrance  to  the  gorge.  Organophosphates  (compounds  found  in  pesticides  and  chemical  warfare 
agents)  inactivate  AChE  by  phosphorylating  S200  in  a  nearly  irreversible  fashion.  Currently, 
there  are  compounds  available  to  reactivate  AChE  by  accelerating  dephosphorylation,  but  no 
compounds  exist  for  pre-treatment  to  protect  AChE  during  exposure  to  organophosphate  agents. 
In  our  studies,  molecular  modeling  has  been  used  to  examine  the  interactions  between  AChE  and 
the  peripheral  site-specific  ligand  fasciculin  H,  a  small  snake  venom  neurotoxic  peptide.  With 
such  information,  novel  cyclic  peptide  and  pseudopeptide  compounds  are  being  prepared  by 
combinatorial  techniques  and  assayed  for  selective  binding  to  the  peripheral  site  of  AChE.  In 
conjunction  with  these  efforts,  studies  with  site-directed  AChE  mutants  and  fluorogenic 
organophosphates  are  underway  to  better  define  how  the  peripheral  site  participates  in  the 
binding  and  catalysis  of  these  toxic  substrates.  Our  goal  is  to  identify  new  peripheral  site  ligands 
that  enhance  substrate  selectivity  of  the  enzyme,  preventing  phosphorylation  while  permitting 
near  physiological  rates  of  acetylcholine  hydrolysis. 


Presented  at  the  American  Peptide  Symposium  1999  Meeting 

CYCLIC  PEPTIDES  WITH  a,a-DISUBSTITUTED  GLYCINE  DERIVATIVES. 

Peteris  Romanovskis  and  Amo  F.  Spatola  from  Department  of  Chemistry,  University  of 
Louisville,  Louisville,  KY  40292,  U.S.A. 

Cyclic  analogs  of  linear  peptides  represent  promising  candidates  for  the  generation  of  stmctural 
diversity  in  search  of  new  biologically  active  compounds  [Romanovskis,  P.;  Spatola,  A.  F.  J. 
Peptide  Res.,  52,  356-(1998)].  They  can  also  serve  as  scaffolding  for  creation  of  peptido- 
mimetics,  thus  expanding  the  diversity.  This  report  deals  with  the  synthesis  of  conformationally 
constrained  head-to-tail  cyclic  peptides.  It  is  know  that  bulky  substituents  on  amide  nitrogens 
can  facilitate  cyclization  [Ehrlich,  A.  et  al.,  J.  Org.  Chem.,  61,  88331  (1996)];  however,  less  is 
known  about  the  impact  of  C“’“-disubstituted  amino  acid  residues  on  cyclization.  We  have 
explored  the  use  of  “di-UPS”  (unnatural  peptide  synthesis  with  a,a-disubstituted  glycine) 
chemistry  [Scott,  W.  L.  et  al..  Tetrahedron  Lett.,  38,  3695  (1997)],  in  conjunction  with 
Boc(Fmoc)/ONB  and  Fmoc/OtBu  strategies  for  the  solid  phase  synthesis  of  BQ-123  (endothelin 
antagonist)  and  its  retroinverso  analogs.  Our  approach  involves  attachment  of  the  first  amino 
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acid  to  the  solid  support  through  its  side  chain,  chain  elongation  and/or  introduction  of  the  C“’“- 
disubstituted  residue  (either  as  a  building  block  or  through  di-UPS),  completion  of  the  peptide 
chain,  and  on-resin  cyclization.  During  the  di-UPS  procedure,  we  faced  the  following:  di-UPS 
reaction  control;  stability  of  trifunctional  amino  acid  side  chains  during  the  course  of  di-UPS; 
overalkylation  and  transesterification;  difficulties  with  acylation  of  bulky  C“’“-disubstituted 
residues;  and  lability  of  the  “twisted  amides”  during  HF  cleavage.  Attempts  to  obtain  cyclic 
model  peptides  with  C“’“-disubstituted  amino  acids  next  to  proline  so  far  have  failed 
(presumably  because  of  the  lability  of  the  Xxx-Pro  bond  under  strong  acidic  conditions). 
Nevertheless,  with  appropriate  precautions,  insertion  of  an  a,a-disubstituted  amino  acid  in  cyclic 
peptides  is  possible  both  by  direct  substitution  as  well  as  by  the  di-UPS  procedure.  [Supported 
by  NIH  GM33376  and  U.S.  Army/Mayo  Clinic  Jacksonville.] 
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abstract:  The  active  site  gorge  of  acetylcholinesterase  (AChE)  contains  two  sites  of  ligand  binding,  an 
acylation  site  near  the  base  of  the  gorge  with  a  catalytic  triad  characteristic  of  serine  hydrolases,  and  a 
peripheral  site  at  the  mouth  of  the  gorge  some  10—20  A  from  the  acylation  site.  Many  ligands  that  bind 
exclusively  to  the  peripheral  site  inhibit  substrate  hydrolysis  at  the  acylation  site,  but  the  mechanistic 
interpretation  of  this  inhibition  has  been  unclear.  Previous  interpretations  have  been  based  on  analyses 
of  inhibition  patterns  obtained  from  steady-state  kinetic  models  that  assume  equilibrium  ligand  binding. 
These  analyses  indicate  that  inhibitors  bound  to  the  peripheral  site  decrease  acylation  and  deacylation 
rate  constants  and/or  decrease  substrate  affinity  at  the  acylation  site  by  factors  of  up  to  100.  Conformational 
interactions  have  been  proposed  to  account  for  such  large  inhibitory  effects  transmitted  over  the  distance 
between  the  two  sites,  but  site-specific  mutagenesis  has  failed  to  reveal  residues  that  mediate  the  proposed 
conformational  linkage.  Since  examination  of  individual  rate  constants  in  the  AChE  catalytic  pathway 
reveals  that  assumptions  of  equilibrium  ligand  binding  cannot  be  justified,  we  introduce  here  an  alternative 
nonequilibrium  analysis  of  the  steady-state  inhibition  patterns.  This  analysis  incorporates  a  steric  blockade 
hypothesis  which  assumes  that  the  only  effect  of  a  bound  peripheral  site  ligand  is  to  decrease  the  association 
and  dissociation  rate  constants  for  an  acylation  site  ligand  without  altering  the  equilibrium  constant  for 
ligand  binding  to  the  acylation  site.  Simulations  based  on  this  nonequilibrium  steric  blockade  model 
were  in  good  agreement  with  experimental  data  for  inhibition  by  the  peripheral  site  ligands  propidium 
and  gallamine  at  low  concentrations  of  either  acetylthiocholine  or  phenyl  acetate  if  binding  of  these  ligands 
slows  substrate  association  and  dissociation  rate  constants  by  factors  of  5—70.  Direct  measurements 
with  the  acylation  site  ligands  huperzine  A  and  /n-(A,A,A-trimethylammonio)trifluoroacetophenone  showed 
that  bound  propidium  decreased  the  association  rate  constants  49-  and  380-fold  and  the  dissociation  rate 
constants  10-  and  60-fold,  respectively,  relative  to  the  rate  constants  for  these  acylation  site  ligands  with 
free  AChE,  in  reasonable  agreement  with  the  nonequilibrium  steric  blockade  model.  We  conclude  that 
this  model  can  account  for  the  inhibition  of  AChE  by  small  peripheral  site  ligands  such  as  propidium 
without  invoking  any  conformational  interaction  between  the  peripheral  and  acylation  sites. 


Acetylcholinesterase  (AChE)'  hydrolyzes  its  physiological 
substrate  acetylcholine  at  one  of  the  highest  known  catalytic 
rates  (/),  and  the  unique  features  of  AChE  structure  that 
determine  its  catalytic  power  have  been  pursued  for  many 
years.  A  major  advance  occurred  with  the  X-ray  crystal¬ 
lographic  determination  of  the  three-dimensional  structure 
of  Torpedo  californica  AChE  (TcAChE)  (2).  This  structure 
revealed  an  active  site  gorge  lined  with  aromatic  residues 
that  is  about  20  A  deep.  Two  sites  of  ligand  interaction  in 
AChE  were  first  demonstrated  in  ligand  binding  studies  (5) 
and  later  confirmed  by  crystallography,  site-specific  mu¬ 
tagenesis,  and  molecular  modeling:  an  acylation  site  at  the 
base  of  the  gorge  and  a  peripheral  site  at  its  mouth.  In  the 
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Figure  1:  Schematic  diagram  of  the  sites  for  ligand  binding  in 
AChE. 

acylation  site  (Figure  1)  residue  S200  (TcAChE  sequence 
numbering)  is  acylated  and  deacylated  during  substrate 
turnover,  H440  and  E327  participate  with  5200  in  a  catalytic 
triad  (E— H— 5),  and  W84  binds  to  the  trimethylammonium 
group  of  acetylcholine  as  acyl  transfer  to  5200  is  initiated. 
The  peripheral  site  involves  other  residues  including  W279 
{4—9).  Ligands  can  bind  selectively  to  either  the  acylation 
or  the  peripheral  sites,  and  ternary  complexes  with  distinct 
ligands  bound  to  each  site  can  form  (5).  Peripheral  site 
ligands  that  form  these  ternary  complexes  include  the 
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Gallamine 


(-)-Huperzine  A  TMTFA 

Figure  2:  Structures  of  peripheral  site  and  acylation  site  ligands. 


phenanthridinium  derivative  propidium  (Figure  2)  and  the 
fasciculins,  a  family  of  very  similar  snake  venom  neurotoxins 
composed  of  61-amino  acid  polypeptides  {10,  11). 

In  this  paper  we  address  the  question  of  how  ligand 
binding  to  the  peripheral  site  alters  AChE  catalytic  activity. 
While  it  is  well  documented  that  ligand  binding  to  this  site 
can  inhibit  substrate  hydrolysis,  the  mechanism  of  this 
inhibition  is  less  clear.  Specifically,  an  understanding  of  the 
inhibition  mechanism  may  depend  on  whether  the  substrate 
and  inhibitor  are  equilibrated  with  AChE.  This  point  can 
be  examined  in  the  conventional  pathway  for  the  hydrolysis 
of  acetylcholine  (S)  by  AChE  {E)  in  Scheme  1.^  The  initial 


Scheme  1 

kj  ^2  ^3 

E  +  S  ^  £S-^EA-^£  +  P 

Ks 

enzyme— substrate  complex  £S  proceeds  to  an  acylated 
enzyme  intermediate  £A  which  is  then  hydrolyzed  to  product 
P  and  E  (see  ref  72).  Under  classical  steady-state  conditions 
(75),  hydrolysis  rates  v  vary  with  [S]  according  to  the 
Michaelis-Menten  equation  (eq  la)  to  give  the  maximum 
hydrolysis  rate  Fmaxi  the  apparent  first-order  rate  constant 
kcat.  and  the  second-order  rate  constant  kcai/£app  (eqs  lb  and 
Ic). 


d[P] 

_  '^maxl^l 

(la) 

V  — 

dt 

[Sl+ATapp 

Pmax 

-  k  - 

^cat 

(lb,  Ic) 

[£]tot 

^app  ^-S  ^2 

One  way  in  which  AChE  has  optimized  these  rate  constants 
is  by  accelerating  the  acylation  step  ki  so  that  it  exceeds  kcai 
(eq  lb),  which  for  AChE  is  about  10'*  s“'  (7).  Of  more 
importance  to  the  arguments  here,  k2  also  exceeds  k-s  (7, 
14).  As  a  result,  £S  is  not  in  equilibrium  with  £  and  S.  The 
failure  of  £S  to  equilibrate  with  £  and  S  is  readily 
accommodated  by  eq  Ic:  WEapp  approaches  ks,  the  substrate 
association  rate  constant.  However,  when  an  inhibitor  binds 
to  the  nonequilibrated  £S  intermediate,  the  steady-state 
inhibition  patterns  present  a  greater  challenge.  The  conven¬ 
tional  interpretation  of  the  classic  noncompetitive  inhibition 
pattern,  for  example,  assumes  that  £S  is  equilibrated  (see 


ref  75).  We  avoid  this  equilibrium  assumption  here  for  the 
first  time  in  the  AChE  literature  by  solving  the  appropriate 
differential  rate  equations  with  the  simulation  program  SCoP. 
In  particular,  we  examine  the  simple  hypothesis  that  the  only 
effect  of  peripheral  site  inhibitors  such  as  propidium  is  to 
impose  a  steric  blockade  that  decreases  association  and 
dissociation  rate  constants  for  substrates  without  altering  their 
ratio,  the  equilibrium  association  constant.  We  test  this 
hypothesis  also  by  examining  the  effect  of  peripheral  site 
ligands  on  the  rate  constants  for  the  binding  of  acylation 
site  inhibitors.  Our  results  indicate  that  failure  to  achieve 
equilibrium  can  have  a  profound  impact  on  the  classical 
interpretation  of  AChE  inhibition  and  indeed  alter  mecha¬ 
nistic  conclusions. 

EXPERIMENTAL  PROCEDURES 

Materials.  Human  erythrocyte  AChE  was  purified  as 
outlined  previously  and  active  site  concentrations  were 
determined  by  assuming  410  units/nmol  (76,  77). 
(— )-Huperzine  A  and  propidium  iodide  were  purchased  from 
Calbiochem  and  gallamine  triethiodide  from  Aldrich  Chemi¬ 
cal  Co.  Huperzine  A  concentrations  were  adjusted  with  an 
extinction  coefficient^  esog  nm  =  10400  M~'  cm“'.  TMTFA 
was  kindly  provided  by  Dr.  Daniel  Quinn  (University  of 
Iowa),  and  stock  TMTFA  concentrations  were  calibrated  by 
titration  with  AChE. 

Steady-State  Measurements  of  AChE-Catalyzed  Substrate 
Hydrolysis.  Hydrolysis  rates  v  were  measured  at  various 
substrate  (S)  concentrations  in  buffer  composed  of  20  mM 
sodium  phosphate  and  0.02%  Triton  X-100  at  pH  7.0  and 
25  “C  unless  otherwise  indicated.  Acetylthiocholine  assay 
solutions  (1  mL)  included  0.33  mM  DTNB,  and  hydrolysis 
was  monitored  by  formation  of  the  thiolate  dianion  of  DTNB 
at  412  nm  (Ae4i2  nm  =  14.15  mM“*  cm”’  (18))  for  1-5  min 
on  a  Varian  Cary  3A  spectrophotometer  (79).  Acetylthio¬ 
choline  concentrations  were  low  enough  (<0.5  mM)  in  the 
absence  of  inhibitors  (20)  that  compensation  for  substrate 
inhibition  was  unnecessary.  Hydrolysis  rates  for  phenyl 
acetate  (0.2—5  mM,  <1%  methanol  final)  were  measured 
in  1-ml  assay  solutions  at  270  nm  (Ae270  nm  =  1-40  mM”’ 
cm”’)  for  1  —5  min  (27).  Reciprocal  plots  of  i/”’  vs  [S]”’  at 
all  inhibitor  (I)  concentrations  here  were  linear,  and  slopes 
and  intercepts  of  these  plots  were  calculated  by  weighted 
linear  regression  analyses  which  assumed  that  v  has  a 
constant  percent  error.  Nonlinear  regression  analyses  of 
these  slopes  and  intercepts  vs  [I]  were  conducted  with  Fig.P 
(BioSoft,  version  6.0)  as  described,  with  slope  and  intercept 
values  weighted  by  the  reciprocal  of  their  variance  (also  see 
ref  22). 

Simulations  of  Kinetic  Equations.  When  the  reversible 
reactions  in  Scheme  2  below  are  not  at  equilibrium,  the 
corresponding  differential  equations  were  solved  with  the 
program  denoted  SCoP  (version  3.51)  developed  at  the  NIH 
National  Center  for  Research  Resources  and  available  from 
Simulation  Resources,  Inc.  (Berien  Springs,  MI).  A  model 
file  was  constructed  with  differential  equations  for  each 
enzyme  intermediate  except  £  and  with  values  of  all  rate 
constants.  Mass  conservation  was  introduced  by  substitution 
of  [E]  =  [E],ot  —  2  [M],  where  [E]toi  is  the  total  concentration 


^  Scheme  1  assumes  substrate  concentrations  low  enough  that  ESS  - 

or  EAS  species  leading  to  substrate  inhibition  are  negligible  (see  ref  ^Personal  communication  from  B.  P.  Doctor,  Walter  Reed  Army 

I).  Institute  of  Research,  Washington,  DC. 
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Table  1 :  Inhibition  of  AChE-Catalyzed  Hydrolysis  of  Acetylthiocholine  by  Propidium" 


case 

ks 

(pM-'  s-') 

k-s 

(s-‘) 

fo,  ki 
(s->) 

ki 

(«M->  s->) 

k-i 

(s-‘) 

ks2 

(^M-»  s"') 

k-S2 

(s-*) 

y  & 

Aapp 

(mM) 

slope 

intercept 

Kf  (uM) 

a’’ 

1 

200 

3  X  10^ 

1.4  X  10* 

200 

200 

3 

45 

0.043 

1.00 

0.0197 

0.09  ±  0.01 

2 

200 

3  X  10^ 

1.4  X  10* 

200 

200 

OA 

4.5 

0.043 

1.01 

0.0033  ±  0.0001 

0.030  ±  0.001 

3 

200 

3  X  103 

1.4  X  10* 

200 

200 

200 

3x  10* 

0.043 

1.00 

1.00 

4 

200 

3  X  10* 

1.4  X  10* 

200 

200 

3 

4.5  X  10* 

0.79 

1.00 

0.26 

0.78  ±  0.05 

5 

200 

3  X  10’ 

1.4  X  10* 

200 

200 

3 

4.5  X  10* 

75 

1.00 

0.97 

1.00 

“  Simulations  for  cases  1—5  were  generated  as  outlined  in  the  text  with  indicated  rate  constant  values.  Bold  entries  indicate  a  change  from  the 
previous  case.  Values  of  A’app,  K\  and  a  and  were  calculated  by  weighted  least-squares  analysis  of  replots  as  in  Figure  4.  *  Standard  errors  were 
less  than  2%  of  the  mean  unless  otherwise  indicated. 


of  enzyme  and  2  [M]  is  the  sum  of  the  concentrations  of  all 
enzyme  intermediates.  An  analogous  mass  conservation  was 
introduced  for  [S].  Simulation  and  curve-fitting  files  were 
generated  by  SCoP  from  the  model  file  by  employing  the 
numerical  solver  clsoda.  This  solver  for  stiff  and  nonstiff 
sets  of  differential  equations  uses  an  improved  Gear  method 
(23,  24). 

Rate  constants  used  in  these  simulations  (see  Tables  1  and 
2)  were  justified  as  follows.  For  acetylthiocholine,  direct 
estimates  of  ^2  and  ^3  (available  only  for  eel  AChE)  gave 
k2lh  =1-3  (25).  Noting  a  2-fold  smaller  of  7000  s“' 
for  human  AChE  (26)  and  assuming  ki  =  k^  for  this  enzyme, 
substitution  into  eq  lb  gave  k2  =  k->,  =  \.A  x  10^  s”‘.  Solvent 
deuterium  oxide  (D2O)  isotope  effects  provided  an  estimate 
of  it-s:  itcai  for  acetylthiocholine  was  slowed  by  a  factor  of 
2.03  ±  0.05  when  H2O  was  replaced  by  D2O,  a  value  close 
to  a  typical  factor  of  2.5  for  enzyme-catalyzed  steps  that  are 
rate  limited  by  proton  transfer  (14),  but  decreased 

by  a  factor  of  only  1.21  ±  0.02  in  D2O  (22).  Inserting  this 
value  in  eq  Ic  and  assuming  that  ki  decreased  by  a  factor  of 
2.5  in  D2O  while  ks  and  k-%  were  unaffected,  then  k-Jk-s  = 
6  and,  from  kj  above,  k-s  =  3  x  10^  s“'.  An  estimate  of  ks 
=  2  X  10**  M"'  s“‘  was  obtained  by  substitution  of  these 
values  of  kt  and  k-s  and  the  observed  value  of  /fapp  =  45 
/iM  (see  Table  2)  into  eq  Ic.  For  phenyl  acetate,  k^t  was 
assumed  equal  to  that  of  acetylthiocholine  (1)  and  the  same 
value  of  1.4  x  10'*  s”'  was  assigned  for  k2  and  kj.  From 
observed  D2O  isotope  effects  of  2.45  ±  0.08  for  /^cai  and 
1.48  ±  0.05  for  kcjK^pp  (22),  k2  was  assumed  to  decrease 
by  a  factor  of  2.5  in  D2O  while  ks  and  k-s  were  unaffected, 
yielding  k2/k-s  =  2.1  and  k-s  =  l  x  10^  s”*.  These  values 
together  with  the  observed  value  of  A^app  =1.31  mM  (see 
Table  2)  gave  its  =  8  x  10*  s“*  for  phenyl  acetate  from 

eq  Ic.  For  propidium  and  gallamine,  an  estimate  of  A:i  =  2 
X  10**  M“*  s“‘  was  based  on  association  rate  constants  of  5 
X  10’  M“*  s“‘  for  the  bisquatemary  ligand  ambenonium  (20) 
and  4  x  10**  M”*  s“'  for  A-methylacridinium  (27)  with 
human  AChE.  Values  for  k-i  were  then  calculated  from 
=  (fcOlATi),  where  Kj  was  the  observed  equilibrium  inhibition 
constant  for  propidium  or  gallamine  (see  Table  2). 

Slow  Equilibration  of  an  Acylation  Site  Ligand  in  the 
Presence  of  a  Peripheral  Site  Inhibitor.  The  slow  interaction 
of  an  acylation  site  ligand  (L)  with  AChE  in  the  presence  of 
a  peripheral  site  inhibitor  I  as  shown  in  Scheme  3  in  the 
Results  was  analyzed  by  procedures  used  previously  (22)  to 
describe  the  interaction  of  fasciculin  2  with  AChE.  Bovine 
serum  albumin  (1  mg/mL)  was  incubated  overnight  in  buffer 
(20  mM  sodium  phosphate,  0.02%  Triton  X-100,  pH  7.0) 
containing  0.33  mM  5,5'-dithiobis(2-nitrobenzoic  acid) 


(DTNB),  and  association  reactions  were  initiated  by  adding 
AChE,  the  inhibitor  propidium,  and  the  acylation  site  ligand 
(huperzine  A  or  TMTFA)  at  23  °C.  Except  where  indicated, 
binding  was  measured  under  pseudo-first-order  conditions 
in  which  the  concentration  of  ligand  was  adjusted  to  at  least 
10  times  the  concentration  of  AChE.  At  various  times  a 
1.0-mL  aliquot  was  removed  to  a  cuvette,  40  pL  of 
acetylthiocholine  and  DTNB  were  added  to  final  concentra¬ 
tions  of  0.5  mM  and  0.33  mM,  respectively,  and  a  continuous 
assay  trace  was  immediately  recorded  at  412  nm.  Back¬ 
ground  rates  in  the  absence  of  AChE  were  subtracted. 
Dissociation  reactions  were  measured  by  incubating  ligand 
with  AChE  for  1—24  h,  diluting  >  200-fold  to  the  indicated 
final  concentrations,  and  assaying  1.0-mL  aliquots  as  above. 

Assay  rates  v  from  association  and  dissociation  reactions 
of  huperzine  A  and  TMTFA  were  divided  by  control  assay 
rates  in  the  absence  of  these  ligands  (i'h=o  or  j^tmtfa=o)  to 
give  a  normalized  value  z/(n).  For  huperzine  A  these  values 
were  fitted  by  nonlinear  regression  analysis  (Fig.P)  to  eq  2, 
where  y(N)iniUai  and  y(N)nnai  are  the  calculated  values  of  fcN)  at 
time  zero  and  at  equilibrium,  respectively,  and  the  observed 

^(N)  ~  ^(N)fmal  "*■  (^(N)inital  ^(N)final)®  (2) 

pseudo  first-order  rate  constant  k  for  the  approach  to 
equilibrium  is  given  by  eq  3. 

k  —  ^on  [E]  kpff  (3) 

In  eq  3, 

*L  +  *L2^  A-L  +  fc-LZ-;^ 

ATli 

kpn  —  ^off  —  (4a,  4b) 


Structure  Analysis  and  Molecular  Graphics.  Construction 
and  analysis  of  three-dimensional  models  were  performed 
on  a  Silicon  Graphics  workstation  Indigo2  IMPACT  using 
QUANTA96  modeling  software  (Molecular  Simulations, 
Inc.).  Modeling  of  the  ternary  TcAChE  enzyme— inhibitor 
complexes  began  with  the  crystal  structure  coordinates  for 
the  TcAChE— huperzine  A  complex  [Protein  Data  Bank 
(PDB)  file:  IVOT]  (28)  and  the  TcAChE-TMTFA  complex 
(PDB  file:  lAMN)  (29).  Propidium  was  manually  docked 
into  the  peripheral  site  as  previously  described  (7).  Briefly, 
the  aromatic  and  alkyl  portions  of  propidium  were  positioned 
in  the  peripheral  site  and  active  site  gorge  by  avoiding 
unfavorable  contacts  with  the  TcAChE  structure.  The 
resulting  structures  were  optimized  by  energy  minimization 
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Table  2:  Observed  and  Simulated  Inhibition  of  AChE-Catalyzed  Hydrolysis  of  Acetylthiocholine  and  Phenyl  Acetate  by  Peripheral  Site 
Ligands" 


substrate 

observed  parameters 

simulated  parameters*' 

inhibitor 

^app  (niM) 

KiifM) 

a 

P 

ksJks 

Kf  (pM) 

P 

acetylthiocholine 

propidium 

0.045  ±  0.003 

1.1  ±0.1 

0.019  ±0.004 

0.10  ±0.01 

0.015 

1.00 

0.0197 

0.09  ±  0.01 

gallamine 

37  ±2 

0.019  ±  0.002 

0.44  ±  0.03 

0.015 

35 

0.0189 

0.5  ±  0.1 

phenyl  acetate 
propidium 

1.31  ±0.15 

0.8  ±  0.1 

0.071  ±  0.008 

0.46  ±  0.02 

0.05 

1.01 

0.076 

0.4  ±  0.1 

gallamine 

31  ±5 

0.25  ±  0.01 

1.0  ±0.1 

0.2 

39 

0.27 

0.95  ±  0.03 

“  Values  of  Ki,  a,  and  f)  were  calculated  by  analysis  of  replots  as  in  Figures  3  and  4.  The  ratio  of  ks2/k  in  each  simulation  was  assigned 
to  give  optimal  agreement  between  the  observed  and  simulated  parameters.  *  Simulations  were  conducted  with  the  rate  constants  from  case  1  in 
Table  1  except  as  follows:  When  gallamine  replaced  propidium,  it-i  =  6  x  1(P  s“';  when  phenyl  acetate  replaced  acetylthiocholine,  fe  =  8 
fiM~'  s~‘  and  k-s  =  7  y  10^  s"';  with  phenyl  acetate  and  propidium,  fea  =  0.4  ftM~‘  s"'  and  k-si  =  350  s“';  and  with  phenyl  acetate  and 
gallamine,  fea  =  1-6  fiM^'  s"'  and  k-si  =  1.4  x  10^  s"'.  Simulated  ATjpp  values  were  identical  to  the  experimental  K^pp,  as  expected  from  the 
assignment  of  rate  constants  in  Table  1.  "  Standard  errors  were  less  than  2%  of  the  mean. 


using  the  CHARMm  module  of  QUANTA96  (conjugate 
gradient).  Initial  structural  refinement  included  only  the 
propidium  and  gorge  solvent  molecules  while  final  optimiza¬ 
tion  added  all  amino  acid  side  chains  vicinal  to  propidium 
and  the  aeylation  site  ligand. 

RESULTS 

Equilibrium  Model  of  AChE  Inhibition.  When  ligands 
bind  to  the  peripheral  site,  AChE  activity  is  often  inhibited. 
The  inhibitor  (I)  can  bind  to  each  of  the  three  enzyme  species 
from  Scheme  1,  as  modeled  in  Scheme  2.  For  example,  £SIp 

Scheme  2 

Its  kj 

S  +  E  ^  ES  — »£A— »£  +  P 

*s 

+  +  + 

I  I  I 


^_si »  ak2',  k-M  ^  ^3',  ^-Ai  ^  bky,  32;  33;  see  ref  22).  This 
solution  is  given  in  eq  5,  where  Kx  =  k-x/kx. 


(5) 


Many  inhibition  patterns  observed  with  AChE  are  consistent 
with  eq  5.  For  example,  propidium  inhibition  of  phenyl 
acetate  and  acetylthiocholine  hydrolysis  gave  the  steady-state 
kinetic  data  in  Figure  3a,b  and  Figure  4a,b.  The  slopes  of 
the  reciprocal  plots  in  Figure  3a  increased  with  propidium 
concentration  (Figure  3b),  and  analyses  of  these  slopes  by 
eq  6  allowed  estimation  of  K\,  the  equilibrium  dissociation 


Jf  ^-i  ^si  Jf  ^-SI  ^AI  Jf  ^-AI 

kg2  tik2  bk^ 

S  +  £lp  5==^  £SIp  — *  £AIp  — »  £lp  +  P 

^-S2 


slope  (v"'  vs  [Sf') 
^app  ^  ^max 


(6) 


represents  a  ternary  complex  with  S  at  the  acylation  site  and 

1  at  the  peripheral  site  (denoted  by  the  subscript  P).  The 
acylation  rate  constant  k2  is  altered  by  a  factor  a  in  this 
ternary  complex,  and  the  deacylation  rate  constant  kj  is 
altered  by  a  factor  b  in  the  £AIp  complex.  To  characterize 
how  a  peripheral  site  ligand  inhibits  AChE,  it  is  useful  to 
know  whether  substrate  affinities  are  altered  and  whether 
the  relative  rate  constants  a  and  b  are  less  than  1  when  the 
inhibitor  is  bound.  Unfortunately,  for  acetylcholine  and  other 
carboxylester  substrates,  the  acylation  and  deacylation  rate 
constants  are  too  fast  to  permit  direct  measurement  by  any 
rapid  kinetic  technique.  Consequently,  investigations  of 
Scheme  2  have  employed  steady-state  kinetic  analyses  based 
on  extensions  of  the  Miehaelis— Menten  expression.  How¬ 
ever,  this  approach  is  problematic.  In  contrast  to  the  simple 
steady-state  solution  in  the  absence  of  inhibitor,  the  general 
steady-state  solution  for  v  in  Scheme  2  is  too  complex  for 
useful  comparison  to  experimental  data  {30, 31).  To  obtain 
a  more  tractable  simplified  solution,  it  has  invariably  been 
assumed  with  AChE  that  the  reversible  reactions  in  Scheme 

2  are  at  equilibrium  (i.e.,  k-s  »  fe;  k-s2  ^  afe;  ^-si  ^  kt; 


constant  for  I  with  E,  and  the  experimental  parameter  a.  At 
saturating  concentrations  of  I  ([I]  »  Ki/a),  the  slope  in  eq  6 
=  Aapp/ctVniax.  Therefore,  a  is  simply  the  ratio  of  the  second- 
order  rate  constant  with  saturating  I,  which  we  denote  kcm'/ 
£app^  to  that  in  the  absence  of  I.  When  equilibrium  is 
assumed  as  in  eq  5,  a  =  aKi/Ksi  —  aKs/Ks2.  Within  an 
equilibrium  framework,  the  low  values  of  a  =  0.071  for 
propidium  and  phenyl  acetate  in  Figure  3b  and  0.019  for 
propidium  and  acetylthiocholine  in  Figure  4b  require  either 
that  £SIp  does  not  form  {Ks/Ks2  a  0)  or  that  a  s  0.  While 
these  two  possibilities  can  in  principle  be  distinguished  by 
analysis  of  the  intercepts  of  the  reciprocal  plots  in  Figures 
3a  and  4a,  contributions  from  inhibition  of  both  acylation 
and  deacylation  complicate  the  interpretation  (eq  5).  For 
example,  the  intercepts  in  Figure  4b  also  increased  with 
propidium  concentration  but  in  a  less  linear  fashion  than  the 
slopes.  If  we  denote'*  fikc^t  as  the  first-order  hydrolysis  rate 
constant  for  the  pathway  through  the  ternary  complexes  £SIp 
and  £AIp,  the  intercept  data  in  Figure  4b  gave  P  =  0.10. 
Uncertainties  in  the  ratio  of  fe  to  k^,  and  in  b  make  it  difficult 
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Figure  3:  Observed  and  simulated  inhibition  of  AChE-catalyzed 
phenyl  acetate  hydrolysis  by  propidium.  Part  A:  Reciprocal  plots 
of  measured  initial  velocities  (mM/min)  and  substrate  concentrations 
were  fitted  by  weighted  linear  regression  analysis  according  to  eq 
5  at  various  fixed  propidium  concentrations  ((O)  0  fiM,  (□)  1  /rM, 
(A)  3  /rM,  (V)  50  //M)  and  0.5  nM  E.  Four  additional  points  are 
offscale  and  not  shown.  Part  B:  Slopes  of  reciprocal  plots  including 
those  in  part  A  were  normalized  by  dividing  by  A'app/V'mM  (the  slope 
in  the  absence  of  propidium)  and  fitted  by  weighted  nonlinear 
regression  analysis  to  eq  6  to  give  A'l  =  0.8  ±0.1  and  a  =  0.071 
±  0.008  (see  Table  2).  Normalized  intercepts  of  the  reciprocal  plots 
were  fitted  to  an  equation  of  the  same  form  as  eq  6  to  give  P  = 
0,46  ±  0.02  (see  footnote  4  and  Table  2).  Part  C;  Plots  of  v~'  vs 
[S]-'  at  various  [I]  ((O)  0  /tM;  (□)  1  ^M;  (A)  3  ^M;  (v)  50 /<M) 
were  generated  by  the  SCoP  simulation  program  with  rate  constant 
parameters  listed  for  phenyl  acetate  and  propidium  in  Table  2.  Lines 
were  extrapolated  from  linear  regions  of  these  plots  encompassing 
[S]  =  0.02A'app  to  0.2i(rapp-  Part  D;  Slopes  and  intercepts  of  lines 
calculated  as  in  part  C  were  analyzed  by  replot  analysis  as  in  part 
B  to  obtain  the  simulated  estimates  of  Ki,  a,  and  in  Table  2. 

to  estimate  a  value  of  a  from  this  value  of  and  about  all 
that  can  be  concluded  within  this  equilibrium  model  for 
propidium  inhibition  of  acetylthiocholine  hydrolysis  is  that 
a  and/or  b  is  at  most  0.1.  Values  of  (3  are  useful,  however, 
because  they  provide  a  basis  for  comparison  of  the  experi¬ 
mental  data  with  the  simulated  data  below. 

Nonequilibrium  Analysis  ofAChE  Inhibition.  We  noted 
in  the  Introduction  that  the  equilibrium  model  assumes  k-s 
»  kj  and  that  this  assumption  does  not  hold  for  acetylthio¬ 
choline  hydrolysis  by  AChE.  Nevertheless,  the  rate  equation 
in  eq  5  which  assumes  equilibrium  can  still  fit  the  observed 
inhibition  in  Figure  4.  Are  the  mechanistic  conclusions  that 
Ki/Ksi  s  0  or  a  s  0  with  propidium  bound  to  the  peripheral 
site  invalid?  To  address  this  question  it  is  necessary  to  solve 
the  rate  equations  for  Scheme  2  without  equilibrium  as¬ 
sumptions.  This  solution  has  not  been  examined  previously 
because  the  corresponding  differential  equations  cannot  be 
solved  analytically.  These  equations  can  be  solved  numeri¬ 
cally  with  the  SCoP  simulation  program  if  reasonable 
estimates  of  all  rate  constants  in  Scheme  2  are  available. 
Rate  constant  assignments  for  acetylthiocholine  or  phenyl 

‘•yS"'  is  defined  as  the  maximal  factor  by  which  the  intercepts  in 
Figure  3b  increased  at  high  concentrations  of  propidium.  Within  the 
equilibrium  framework  in  eq  5,  =  ahffo  ±  k{)l{aki  ±  hfe)  and  /5kcai 

=  abk2kil(aki  +  bkj). 
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Figure  4;  Observed  and  simulated  inhibition  of  AChE-catalyzed 
acetylthiocholine  hydrolysis  by  propidium.  Analyses  were  con¬ 
ducted  as  in  Figure  3.  Part  A:  Reciprocal  plots  were  obtained  at 
fixed  propidium  concentrations  ((O)  0  /tM,  (□)  3  /tM,  (A)  10  /tM, 
(V)  25  fiM)  and  25  pM  E.  Two  additional  points  are  offscale  and 
not  shown.  Part  B:  Normalized  slopes  and  intercepts  of  reciprocal 
plots  including  those  in  part  A  were  analyzed  to  give  Ki=  1.1  ± 
0.1,  a  =  0.019  ±  0.004,  and  =  0.10  ±  0.01  (see  Table  1,  Case 
1).  Part  C:  Plots  of  y”'  vs  [S]*'  at  various  [1]  ((O)  0  ;tM;  (□)  3 
/tM;  (A)  10  fM)  were  generated  by  the  SCoP  simulation  program 
with  rate  constant  parameters  listed  for  acetylthiocholine  and 
propidium  in  Table  2.  Lines  were  extrapolated  from  linear  regions 
of  these  plots  encompassing  [S]  =  0.02A’app  to  0.2/i(app.  Part  D; 
Slopes  and  intercepts  of  lines  calculated  as  in  part  C  were  analyzed 
by  replot  analysis  as  in  part  B  to  obtain  the  simulated  estimates  of 
K},  a,  and  p  in  Table  2. 

acetate  interaction  alone  with  AChE  were  deduced  as 
described  in  the  Experimental  Procedures  and  are  shown  in 
Table  1  (case  1,  columns  2—4)  or  in  Table  2.  They  are  likely 
to  be  accurate  within  a  factor  of  2.  Phenyl  acetate  hydrolysis 
by  AChE  also  does  not  involve  equilibrium  substrate  binding, 
and  the  primary  difference  between  the  assigned  rate 
constants  for  acetylthiocholine  and  phenyl  acetate  was  a 
lower  value  of  ks  for  phenyl  acetate  (see  Experimental 
Procedures  and  footnote  a  in  Table  2).  Rate  constants  for 
propidium  interaction  with  free  AChE  and  the  ES  and  EA 
intermediates  in  Scheme  2  are  less  certain,  so  we  propose  a 
simplifying  hypothesis  based  on  the  location  of  the  peripheral 
site  at  the  mouth  of  the  active  site  gorge.  We  hypothesize 
that  the  effect  of  propidium  binding  to  this  site  is  simply  a 
steric  blockade  that  decreases  equally  the  association  and 
dissociation  rate  constants  for  substrates  without  altering  any 
other  rate  constants  in  Scheme  2.  Thus,  this  steric  blockade 
hypothesis  postulates  that  bound  propidium  does  not  alter 
the  thermodynamics  of  substrate  interaction  with  AChE  (Ks2 
=  Ks).  It  also  stipulates  that  bound  propidium  has  no  effect 
on  acylation  and  deacylation  rate  constants  (a  =  b  =  1), 
and  that  bound  substrate  does  not  alter  propidium  interactions 
(ki  =  ^si  =  ^Ai  and  k-i  =  k-s\  =  k-Ai).  In  this  case  values 
for  only  the  two  rate  constants  k\  and  k-\  for  propidium 
interaction  are  required.  The  key  feature  of  the  hypothesis 
is  that  bound  propidium  slows  substrate  entry  into  and  exit 
from  the  acylation  site  {ksi  <  ks  and  k-si  <  k-s)-  The  only 
experimental  indication  to  date  of  the  extent  of  this  slowdown 
involves  the  effect  of  fasciculin  2  binding  to  the  peripheral 
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site  on  A-methylacridinium  binding  to  the  acylation  site: 
association  and  dissociation  rate  constants  for  A-methylacri- 
dinium  decreased  8000-  and  2000-fold,  respectively,  in  the 
AChE— fasciculin  2  complex  relative  to  those  in  free  AChE 
(27).  Steric  blockade  by  the  smaller  propidium  is  likely  to 
be  less  than  that  by  fasciculin  2.  In  our  simulations  (Table 
2  and  Figures  3c  and  4c)  we  assigned  decreases  in  ks2  and 
k-s2  that  gave  optimal  agreement  with  experimental  data, 
but  we  also  surveyed  a  range  of  decreases  in  these  constants 
as  described  below. 

The  SCoP  simulation  procedure  involved  solving  the  set 
of  differential  equations  corresponding  to  Scheme  2  to  obtain 
V  =  d[P]/dt.  By  adjusting  the  total  substrate  and  AChE 
amounts  and  the  time,  a  series  of  calculated  v  and  [S]  pairs 
were  generated  as  substrate  was  progressively  converted  to 
product  at  various  fixed  [I].  Transformation  of  these  pairs 
to  v~'  and  [S]“'  produced  reciprocal  plots  analogous  to  the 
experimental  data  in  Figures  3  and  4.  Simulated  propidium 
inhibition  of  phenyl  acetate  hydrolysis  with  ks2  and  k-^2 
assigned  at  5%  of  ks  and  k-^,  respectively,  is  illustrated  in 
Figure  3c.  The  simulated  reciprocal  plots  were  nearly  linear 
over  a  substrate  concentration  range  corresponding  to  that 
accessible  experimentally  in  Figure  3a.  Simulated  case  1 
in  Table  1  for  propidium  and  acetylthiocholine,  in  which 
ks2  and  k-%2  were  1.5%  of  ks  and  k-s,  respectively,  is 
illustrated  in  Figure  4c.  The  reciprocal  plots  were  linear  at 
low  substrate  concentrations,  but  they  deviated  downward 
at  concentrations  corresponding  to  the  higher  substrate 
concentrations  examined  experimentally  in  Figure  4a.  These 
deviations  can  be  eliminated  if  our  steric  blockade  hypothesis 
is  extended  to  include  a  decrease  in  product  dissociation  rate 
constant  by  bound  peripheral  site  ligand^  (see  Discussion). 
However,  simulations  from  our  initial  hypothesis  can  account 
for  inhibition  observed  over  the  lower  substrate  concentra¬ 
tions  typically  employed  in  inhibition  analyses  of  AChE,  as 
the  following  comparisons  indicate.  The  slopes  and  inter¬ 
cepts  of  the  linear  regions  of  the  simulated  reciprocal  plots 
([S]  <  0.2/fapp)  increased  as  [I]  became  larger.  The 
dependence  of  these  slopes  and  intercepts  on  [I]  was  analyzed 
by  nonlinear  regression  analyses  (Figures  3d  and  4d)  exactly 
as  done  for  the  experimental  data  in  Figures  3b  and  4b.  The 
corresponding  curves  (Figure  3b  vs  3d  and  Figure  4b  vs  4d) 
showed  remarkable  similarity,  indicating  that  qualitatively 
our  nonequilibrium  hypothesis  can  account  for  inhibition  of 
substrate  hydrolysis  by  propidium.  For  a  more  quantitative 
comparison  of  the  simulations  with  the  experimental  data, 
three  parameters  (^i,  a,  and  p)  were  examined  for  propidium 
inhibition  of  acetylthiocholine  and  phenyl  acetate  hydrolysis 
(Table  2).  The  K\  estimates  agreed  well,  indicating  that  the 
K\  estimate  from  the  simulated  data  still  corresponds  to  the 
equilibrium  constant  despite  the  imposed  nonequilibrium 
conditions.  Furthermore,  simulated  a  and  estimates  were 
within  about  10%  of  the  corresponding  experimental  esti¬ 
mates  for  both  substrates.  Therefore,  quantitatively  as  well 
as  qualitatively,  our  nonequilibrium  hypothesis  can  account 
for  the  inhibition  of  phenyl  acetate  and  acetylthiocholine 
hydrolysis  by  propidium  observed  in  Figures  3  and  4. 

To  demonstrate  the  sensitivity  of  the  simulations  to  the 
input  values,  key  simulation  rate  constants  were  varied  and 
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the  effects  on  calculated  values  of  a  and  /?  were  assessed. 
When  ^S2  and  k-s2  were  reduced  10-fold  to  0.15%  of  ks  and 
k-s,  estimates  of  a  and  ^  decreased  by  factors  of  three  to 
six  (Table  1,  case  2).  With  ks2  and  k-s2  set  at  15%  of  ks 
and  k-s,  estimates  of  a  and  /3  increased  to  0.18  and  0.7, 
respectively  (data  not  shown),  and  when  ks2  =  ks  and  k-s2 
=  k-s,  a  and  /3  became  1.00  (Table  1,  case  3).  Case  3 
demonstrates  that,  when  propidium  binding  has  no  effect  on 
any  of  the  rate  constants  involving  substrate  hydrolysis,  no 
inhibition  is  detected  even  though  ligand  binding  is  not  at 
equilibrium. 

Under  equilibrium  conditions  our  steric  blockade  hypoth¬ 
esis  should  result  in  no  inhibition  by  peripheral  site  inhibitors. 
This  is  clear  from  eq  5,  because  the  hypothesis  stipulates  no 
effect  of  inhibitor  on  either  substrate  binding  (^Tsi  =  Kj)  or 
^at  (a  =  b  =  1).  Equilibrium  in  Scheme  2  is  approached 
when  k2/k-s  and  ak2/k-s2  become  small.  For  example,  if  the 
rate  constants  in  case  1  of  Table  1  are  assumed  except  for  a 
100-fold  increase  in  k-s  and  k-s2  (k2/k-s  =  0.047  and  ak2l 
k-s2  —  3.1),  a  and  P  increase  (Table  1,  case  4)  but  still  reflect 
some  propidium  inhibition.  A  further  100-fold  increase  in 
k-s  and  k-s2  (to  k2lk-s  =  0.00047  and  ak2/k-s2  =  0.031) 
increases  a  to  0.97  and  P  to  1.00  (Table  1,  case  5)  and 
essentially  abolishes  the  inhibition. 

It  is  reassuring  that  the  nonequilibrium  model  can  account 
quantitatively  for  propidium  inhibition  of  acetylthiocholine 
and  phenyl  acetate  hydrolysis,  but  does  this  simulation  model 
have  any  predictive  value  for  the  inhibition  observed  with 
other  peripheral  site  inhibitors?  Gallamine  appears  to  bind 
exclusively  to  the  peripheral  site  (5).  The  Ki  for  gallamine 
is  30-  to  40-fold  larger  than  the  K\  for  propidium  (Table  2), 
and  this  lower  affinity  permits  comparison  of  experimental 
and  simulated  values  of  a  and  P  for  a  lower  affinity  inhibitor. 
The  data  with  acetylthiocholine  as  substrate  are  shown  in 
row  2  of  Table  2,  where  the  k\  for  gallamine  was  assumed 
to  be  the  same  as  that  for  propidium  and  =  {k\){Ki)  was 
30  times  greater  than  the  k-\  for  propidium.  When  ks2  and 
k-s2  were  maintained  at  the  same  values  found  to  be  optimal 
for  propidium  inhibition  of  aeetylthiocholine  hydrolysis 
(1.5%  of  ks  and  k-s,  respectively),  the  simulated  estimates 
of  a  and  P  were  again  within  about  10%  of  the  respective 
observed  values.  Gallamine  was  a  less  effective  inhibitor 
of  phenyl  acetate  hydrolysis,  and  the  experimental  and 
simulated  values  were  in  best  aceord  when  the  simulated 
values  of  ks2  and  k-s2  were  15—20%  of  ks  and  k-s, 
respectively  (Table  2,  row  4).  Thus  the  simulations  indicate 
that  propidium  or  gallamine  binding  to  the  peripheral  site 
does  not  reduce  the  rate  constants  of  substrate  association 
and  dissociation  for  the  neutral  substrate  phenyl  acetate  as 
much  as  for  the  cationic  substrate  acetylthiocholine. 

Slow  Equilibration  of  Acylation  Site  Ligands  when  Pro¬ 
pidium  Is  Bound  to  the  Peripheral  Site.  The  correlation  of 
the  simulation  results  with  experimental  data  in  Table  2  is 
impressive  for  steady-state  inhibition  of  both  acetylthiocho¬ 
line  and  phenyl  acetate  hydrolysis  by  propidium  or  gallamine. 
However,  it  is  important  to  design  additional  tests  of  the 
steric  blockade  hypothesis  that  do  not  incorporate  unknown 
variables  such  as  the  relative  magnitudes  of  ks2  and  ks. 
Reversible  inhibitors  that  equilibrate  slowly  with  the  aeyla- 
tion  site  without  interfering  with  the  peripheral  site  offer  such 
a  test.  The  interaetion  of  an  acylation  site  ligand  (L)  with 
AChE  (JS)  in  the  presence  of  propidium  (I)  is  shown  in 
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Figure  5:  Stabilization  of  AChE-propidium  complexes  by  bovine 
senim  albumin.  Incubations  were  conducted  at  23  °C  in  20  mM 
sodium  phosphate,  0.02%  Triton  X-100,  (pH  7.0)  with  (O)  1  nM 
AChE  and  100  propidium;  (•)  1  nM  AChE,  100  fiM 
propidium,  and  1.0  mg/mL  bovine  serum  albumin;  or  (A)  50  pM 
AChE.  At  the  indicated  times  aliquots  were  assayed  with  acetyl- 
thiocholine  as  outlined  in  the  Experimental  Procedures.  Assay  points 
V  were  normalized  to  a  control  activity  measured  at  time  0  (1/1=0). 
Since  the  inactivation  was  not  strictly  first  order,  lines  simply 
connect  the  points.  In  curve  (O),  about  50%  of  the  activity  was 
lost  after  6  h. 
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Scheme  3,  where  I  binding  to  E  and  EL  is  assumed  to  reach 
equilibrium  instantaneously  with  dissociation  constants  K\ 

Scheme  3 

L  +  £  £L 

I  I 

I  I 

^L2 

L  +  £Ip  '  “  £LIp 
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and  £u.  respectively.  Binding  of  L  to  £  and  £Ip  is  much 
slower  and  occurs  with  association  rate  constants  kt  and  kt2 
and  dissociation  rate  constants  k-i_  and  k-1^2,  respectively. 
Two  acylation  site  ligands  for  which  the  rate  constants  in 
Scheme  3  can  be  measured  without  resorting  to  rapid  kinetics 
instrumentation  are  huperzine  A  (34)  and  the  transition  state 
analogue  TMTFA  (35)  (see  structures  in  Figure  2).  These 
ligands  are  also  attractive  because  crystal  structures  of  their 
complexes  with  AChE  have  been  determined  (see  Discus¬ 
sion). 

Before  assessing  the  effects  of  propidium  on  the  associa¬ 
tion  and  dissociation  rate  constants  for  these  acylation  site 
ligands,  it  was  important  to  confirm  AChE  stability  during 
incubation  with  propidium  over  periods  of  several  days. 
Propidium  in  fact  was  observed  to  inactivate  AChE  slowly 
in  0.02%  Triton  X-100  and  20  mM  sodium  phosphate  (pH 
7.0)  alone  (Figure  5),  but  this  inactivation  was  prevented  by 
addition  of  bovine  serum  albumin  at  1  mg/mL.  It  has  long 
been  known  that  added  protein  can  stabilize  AChE  activity 
(e.g.,  gelatin;  see  ref  36).  However,  to  our  knowledge  this 
is  the  first  report  that  a  peripheral  site  ligand  like  propidium 
can  promote  the  inactivation  of  AChE  and  that  added  protein 
can  prevent  this  enhancement  of  inactivation.  Bovine  serum 
albumin  was  included  in  all  subsequent  experiments  with 
acylation  site  ligands. 

Association  and  dissociation  rate  constants  for  huperzine 
A  were  obtained  by  first  determining  the  rate  constant  k  for 
the  approach  to  equilibrium  binding  at  various  concentrations 
of  L  and  propidium  according  to  eq  2,  next  resolving  Jton 


0 
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Figure  6:  Determination  of  association  and  dissociation  rate 
constants  for  huperzine  A  with  both  AChE  and  the  AChE- 
propidium  complex.  Ligand  binding  was  assumed  to  occur  accord¬ 
ing  to  Scheme  3.  Part  A:  Association  reactions  were  initiated  by 
mixing  AChE  (150  pM)  with  huperzine  A  ((O)  60  nM,  (□)  40  nM, 
(a)  20  nM,  (V)  10  nM)  and  20  pM  propidium,  and  aliquots  were 
assayed  at  the  indicated  times  as  outlined  in  the  Experimental 
Procedures.  Assay  points  v  were  normalized  to  a  control  150  pM 
AChE  activity  with  20  fiM  propidium  but  without  hyperzine  A 
(i/H=o)  and  fitted  to  eq  2  to  obtain  a  value  of  k  for  each  curve.  Part 
B:  Values  of  k  obtained  from  both  part  A  and  additional 
measurements  at  20  pM  propidium  were  plotted  against  the 
huperzine  A  concentration  according  to  eq  3  to  obtain  =  0.195 
±  0.007  //M~'m“’  and  k„jf  =  0.0043  ±  0.0006  m“'.  In  the  absence 
of  propidium,  kon  =  ki,  and  fcoff  =  and  a  similar  analysis  was 
us^  to  obtain  the  estimates  of  and  k-i  in  Table  3.  Part  C:  Values 
of  kon  and  k^n  were  plotted  against  the  propidium  concentration 
according  to  eqs  4a,b.  The  above  ki^  value  was  fixed  in  eq  4a,  and 
the  ion  estimates  at  20  fiM  and  100  fiM  propidium  were  then  fitted 
to  this  equation  to  obtain  the  estimates  of  ki,2  and  Ki  in  Table  3. 
Equation  4b  was  rearranged  to  the  form  ioff  =  (i-L  +  1T[I]/Xi)/ 
(I  -I-  WII]/A'ii-L2).  The  previously  obtained  i-t,  Ki,  and  W  =  ki^Ki. 
were  then  fixed,  and  this  equation  was  used  to  fit  the  i-L2  value  in 
Table  3. 


and  kaff  from  the  dependence  of  k  on  [L]  (eq  3),  and  then 
fitting  ion  and  ioir  to  eqs  4a  and  b.  These  steps  are  illustrated 
in  Figure  6a— c.  A  family  of  curves  showing  the  approach 
to  equilibrium  at  several  concentrations  of  huperzine  A  is 
shown  in  Figure  6a,  and  the  k  values  obtained  as  in  Figure 
6a  are  graphed  against  the  huperzine  A  concentration  in 
Figure  6b.  Estimates  of  ka„  and  kon  from  plots  such  as  that 
in  Figure  6b  at  two  fixed  concentrations  of  propidium  and 
in  its  absence  were  fitted  to  eqs  4a,b  in  Figure  6c.  Rate 
constants  obtained  from  this  fitting  procedure  are  given  in 
Table  3.  The  decrease  in  the  huperzine  A  association  rate 
constant  when  propidium  is  bound  at  the  peripheral  site  was 
indicated  by  the  ratio  of  ki,  to  kL2,  a  49-fold  decrease. 
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Table  3:  Propidium  Inhibition  of  Association  and  Dissociation  Rate 
Constants  for  Acylation  Site  Ligands" 

acylation  site  ligand 

kinetic  constant  units  huperzine  A  TMTFA 


Ll 

m"' 

5.0  ±  0.2 

4.9  ±  0.1 

kh2 

uM"’  m"' 

0.102  ±0.009 

0.013  ±  0.003 

k-L 

m"’ 

0.023  ±  0.003 

(2.4  ±  0.1)  X  lO--" 

k-u 

m"' 

0.0022  ±  0.0005 

(4.2  ±  0.9)  X  10-« 

Kl 

nM 

4.6  ±  0.7 

0.049  ±  0.003 

Ku. 

nM 

22  ±5 

0.32  ±  0.02 

Kt 

^M 

0.39  ±  0.06 

0.43  ±  0.05 

"  Values  of  kinetic  constants  were  calculated  as  described  in  Figures 
6  and  7. 


Similarly,  the  decrease  in  the  huperzine  A  dissociation  rate 
constant  when  propidium  is  bound  at  the  peripheral  site, 
indicated  by  the  ratio  of  to  k-Li,  was  about  10-foId.  The 
steric  blockade  hypothesis  is  largely  supported  by  these  data, 
as  both  rate  constants  were  reduced  an  order  of  magnitude 
or  more  when  propidium  was  bound.  A  small  thermo¬ 
dynamic  effect  of  propidium  binding  on  Kl  for  huperzine 
A,  however,  was  also  revealed  by  the  fact  that  the  two  rate 
constants  were  not  reduced  equally. 

The  transition  state  analogue  TMTFA  has  a  much  higher 
affinity  for  the  acylation  site  than  huperzine  A.  The  apparent 
Kt  of  49  pM  in  Table  3  is  in  reasonable  agreement  with 
previous  estimates  {35,  37).  This  high  affinity  prevented 
application  of  eq  2,  particularly  for  association  reactions  at 
low  concentrations  of  TMTFA  that  were  not  in  sufficient 
excess  of  AChE  and  for  dissociation  reactions  where  the  free 
TMTFA  concentration  increased  significantly  over  the  course 
of  the  reaction.  Therefore,  several  individual  reaction 
profiles  were  fitted  simultaneously  with  the  SCoP  program 
to  obtain  the  rate  and  equilibrium  constants  in  Table  3. 
Several  of  these  simultaneous  fits  are  shown  in  Figure  7. 
The  reduction  in  TMTFA  association  and  dissociation  rate 
constants  with  propidium  bound  to  the  peripheral  site  was 
even  more  pronounced  than  for  huperzine  A.  The  association 
rate  constant  ku.  was  380-fold  smaller  than  kt  with  free 
AChE,  and  the  dissociation  rate  constant  k-12  was  60-fold 
smaller  than  k-L  with  free  AChE.  These  data  provide  further 
support  for  the  steric  blockade  hypothesis,  again  with  a  small 
thermodynamic  effect  of  bound  propidium  on  the  TMTFA 
affinity. 

DISCUSSION 

We  illustrate  here  a  nonequilibrium  alternative  to  the 
equilibrium  analysis  of  AChE  inhibition  by  peripheral  site 
ligands.  We  have  examined  a  very  simple  hypothesis  that 
bound  peripheral  site  inhibitors  only  decrease  association  and 
dissociation  rate  constants  for  acylation  site  ligands  without 
effects  on  the  thermodynamics  of  the  binding  of  these  ligands 
or  the  rate  constants  for  substrate  acylation  and  deacylation. 
In  other  words,  the  peripheral  site  inhibitor  is  proposed  to 
act  as  a  “permeable  cork”  at  the  mouth  of  the  active  site 
“bottle”  and  thus  to  slow  ligand  entry  to  and  exit  from  the 
acylation  site.  This  steric  blockade  hypothesis  can  account 
for  most  if  not  all  of  the  observed  steady-state  inhibition. 
Within  an  equilibrium  framework,  AChE  Inhibition  by 
propidium  previously  has  been  attributed  entirely  to  a 
conformational  change  at  the  acylation  site  induced  by  the 
binding  of  propidium  to  the  peripheral  site  {38).  This  would 
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Figure  7:  Determination  of  association  and  dissociation  rate 
constants  for  TMTFA  with  both  AChE  and  the  AChE— propidium 
complex.  AChE  (50—800  pM)  was  incubated  with  TMTFA  (0.03— 
320  nM)  and  propidium  (0—100  ^M)  and  aliquots  were  assayed 
for  AChE  activity  at  various  times  as  outlined  in  the  Experimental 
Procedures.  Assay  points  {v)  were  normalized  to  parallel  control 
assays  (r>rMTFA=o)  containing  identical  [AChE]  and  [propidium]  but 
without  TMTFA.  Ligand  binding  was  assumed  to  occur  according 
to  Scheme  3,  and  the  SCoP  fitting  program  was  applied  directly  to 
the  differential  equations  corresponding  to  Scheme  i  First,  reaction 
time  courses  for  six  association  and  five  dissociation  reactions  in 
the  absence  of  propidium  were  simultaneously  fit  to  give  the  values 
of  ki  and  k-i  in  Table  3.  These  values  were  ften  fixed  in  the  SCoP 
program  and  reaction  time  courses  for  five  association  reactions 
containing  100  ,mM  propidium  and  eight  dissociation  reactions 
containing  20—100  /M  propidium  were  simultaneously  fit  to  give 
the  values  of  k-12,  Kui,  and  K-i  values  in  Table  3.  Part  A:  Assay 
points  and  calculated  fits  to  4  association  reactions  containing  100 
,«M  propidium,  800  pM  AChE,  and  TMTFA  (total  concentration; 
(O)  320  nM,  (□)  64  nM,  (A)  33  nM,  (O)  6.4  nM).  Part  B:  Assay 
points  and  calculated  lines  to  four  dissociation  reactions  containing 
propidium  ((O)  0  /rM;  (□)  20  /rM;  (a)  40  /iM;  (O)  100  ,«M),  AChE 
(total  concentration:  (O)  62  pM,  (□)  250  pM,  (A)  620  pM,  (O) 
620  pM),  and  TMTFA  (total  concentration:  (6)  77  pM,  (□)  310 
pM,  (A)  770  pM,  (O)  770  pM). 

appear  reasonable  in  view  of  the  spatial  separation  between 
propidium  in  the  peripheral  site  and  acetylthiocholine  in  the 
acylation  site.  According  to  the  equilibrium  model  in  eq  5, 
the  low  values  of  a  and  /?  in  Figures  3b  and  4b  can  occur 
only  if  a  (or  b  and  /fj/ATsi)  are  much  less  than  one,  and  these 
inhibitory  effects  would  indeed  appear  to  require  a  confor¬ 
mational  interaction  between  the  two  sites.  However,  the 
conformational  interaction  hypothesis  fails  to  provide  a 
satisfactory  explanation  for  several  observations.  First, 
propidium  only  partially  inhibits  the  hydrolysis  of  p- 
nitrophenyl  acetate,  showing  an  a  value  of  about  0.3  {39). 
It  is  unclear  why  a  proposed  conformational  interaction 
would  result  in  a  values  ranging  from  less  than  0.02  for  a 
good  substrate  like  acetylthiocholine  to  0.3  for  p-nitrophenyl 
acetate,  but  this  observation  is  readily  accommodated  by  the 
steric  blockade  hypothesis:  For  p-nitrophenyl  acetate,  the 
estimated  is  35-fold  higher  and  k^i  is  3-fold  lower  than 
the  corresponding  estimates  for  acetylthiocholine  {39).  These 
values  indicate  that  the  ratios  ktik-s  and  aki/k-si  are  smaller 
for  p-nitrophenyl  acetate  than  for  either  acetylthiocholine  or 
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phenyl  acetate,  placing  the  AChE  interactions  of  this 
substrate  near  equilibrium  where  the  steric  blockade  hypoth¬ 
esis  predicts  little  inhibition.  Second,  in  some  mutants 
(W84A  and  Y130A)  the  Ki  for  propidium  inhibition  of 
acetylthiocholine  hydrolysis  increases  up  to  100-fold,  while 
the  Kcq  for  propidium  binding  as  determined  by  fluorescence 
titration  remains  unchanged  (5S).  In  these  mutants  the 
for  acetylthiocholine  decreased  10-  to  50- fold  and/or 
increased  by  more  than  2  orders  of  magnitude  (57, 38),  again 
indicating  decreases  in  k2/k-s  and  akilk-s,^  that  should  result 
in  less  inhibition  according  to  the  steric  blockade  hypothesis. 
In  fact,  case  5  in  Table  1  predicts  no  inhibition  when 
increases  in  k-s  and  k-si  result  in  a  2000-fold  increase  in 
A'app,  an  increase  comparable  to  the  700-fold  reported  for 
acetylthiocholine  with  the  W84A  mutant  {38). 

The  simulations  of  steady-state  substrate  hydrolysis  in 
Tables  1  and  2  provide  insight  into  the  mechanism  by  which 
peripheral  site  inhibition  can  arise  within  the  steric  blockade 
hypothesis.  First,  the  ratios  k^Jk-^  and  ak2/k-s2  must  be  large 
enough  that  the  ES  and  £SIp  complexes  in  Scheme  2  fail  to 
achieve  equilibrium.  The  k2/k-s  ratio  has  been  denoted  C, 
the  commitment  to  catalysis  (74),  and  eq  Ic  shows  that  as  C 
approaches  and  then  exceeds  unity  the  second-order  substrate 
hydrolysis  rate  constant  k^^JK^pp  approaches  ks.  According 
to  Scheme  1,  this  reflects  a  change  in  the  rate-limiting  step 
from  k2  to  ks.  At  saturating  levels  of  peripheral  site  inhibitor, 
the  second-order  substrate  hydrolysis  rate  constant  kcat  / ^app 
is  given  by  eq  7  under  equilibrium  conditions  and  ap¬ 
proximated  by  eq  7  under  nonequilibrium  conditions  (22). 


*cat'  _  ’^S20k2 

Ti^app'  k.s2+ak2 


(7) 


As  ak2  exceeds  k-s2  in  the  £SIp  complex,  the  rate-limiting 
step  similarly  becomes  ks2-  Second,  ks2  must  be  smaller  than 
ks.  In  this  case,  increasing  saturation  of  the  peripheral  site 
slows  the  second-order  hydrolysis  rate  constant  from  ks  to 
ks2,  and  this  slowdown  is  reflected  in  a  value  of  a  <  1.  No 
further  restrictions  on  rate  constants  are  necessary  to  obtain 
inhibition,  but  it  is  noteworthy  that  the  relative  magnitude 
of  k-i  does  influence  the  value  of  the  inhibition  parameter 
P,  the  relative  value  of  kcai  in  the  ternary  complex.  The 
simulated  P  of  0.5  for  gallamine  inhibition  of  acetylthio¬ 
choline  hydrolysis  was  significantly  larger  than  the  simulated 
P  of  0.09  for  propidium  inhibition  (Table  2).  Since  the  only 
simulation  rate  constant  that  differed  between  propidium  and 
gallamine  was  k-i,  it  is  clear  that  P  was  sensitive  to  this  rate 
constant.  For  propidium  k-i  was  much  less  than  k2  and  ks, 
whereas  for  gallamine  k-\  was  comparable  to  ks  and  ks.  Thus 
with  propidium  the  apparent  kcat  is  partially  limited  by  k-j, 
meaning  that  with  a  saturating  concentration  of  propidium 
and  intermediate  concentrations  of  substrate  (i.e.,  roughly 
between  K^pp  and  ^Tapp'  =  aksJkss),  most  catalytic  turnovers 
of  FAIp  are  followed  by  slow  dissociation  of  the  £Ip  product 
before  the  next  catalytic  turnover.  A  similar  effect  of 
inhibitor  dissociation  rate  constant  on  ^cat  was  noted  previ¬ 
ously  for  a  simpler  version  of  Scheme  2  in  which  FAIp  but 
not  FSIp  can  form  (7,  20).  In  contrast,  for  gallamine  ks  and 
ks  alone  remain  largely  rate  limiting  as  in  the  equilibrium 
model  in  eq  5.  When  k-i  was  set  to  a  value  at  least  10  times 
ks  or  ks  in  case  1  of  Table  1,  P  became  1.0  and  k-\  had  no 
influence  on  the  relative  value  of  7:cat  (data  not  shown). 


The  nonequilibrium  simulations  in  Tables  1  and  2  gener¬ 
ated  slope  replots  that  fit  eq  6  with  high  precision,  as 
indicated  by  the  low  standard  errors  for  a  in  Table  2.  The 
intercept  replots  tended  to  be  bell  shaped  rather  than 
hyperbolic  (see  Figure  3d),  and  this  led  to  greater  uncertainty 
in  the  estimates  of  p.  The  bell-shaped  curves  arose  from 
slight  error  that  was  introduced  in  the  reciprocal  plot 
intercepts  by  the  curvature  of  the  reciprocal  plots  that  was 
noted  in  the  Results  in  describing  Figures  3c  and  4c.  Not 
all  of  the  curvature  was  eliminated  by  restricting  the 
simulation  analyses  to  the  low  concentrations  of  substrate 
indicated.  The  curvature  occurs  because  inhibition  in  our 
steric  blockade  model  here  arises  exclusively  from  a  decrease 
in  the  substrate  association  constant  when  inhibitor  occupies 
the  peripheral  site  {kss/ks  1).  At  high  substrate  concentra¬ 
tions  with  this  model  (i.e.,  as  [S]  approaches  and  exceeds 
ATapp'  =  aks/kss),  most  catalytic  turnovers  of  FAIp  are  followed 
by  substrate  association  with  £1?  that  is  faster  than  the  slow 
dissociation  of  £Ip.  Hydrolysis  rates  approach  those  in  the 
absence  of  inhibitor  because  aks  and  bks  become  rate  limiting, 
and  inhibitor  does  not  affect  these  steps  because  the  model 
sets  a  =  b—  1.  A  logical  extension  of  Scheme  2  consistent 
with  the  steric  blockade  model  is  to  propose  that  bound 
peripheral  site  ligand  not  only  reduces  association  and 
dissociation  rate  constants  for  substrate  binding  to  the 
acylation  site  but  also  reduces  the  dissociation  rate  constant 
for  product  release  from  this  site.  If  product  affinity  for  the 
acylation  site  is  sufficiently  high,  then  product  release  may 
become  partially  rate-limiting  when  the  peripheral  site  is 
occupied.  We  have  found  that  this  extension  can  eliminate 
the  curvature  in  the  reciprocal  plots  and  give  quantitative 
agreement  between  simulated  and  experimental  data  over  the 
entire  range  of  substrate  concentrations.  Furthermore,  if 
substrate  can  form  a  low  affinity  complex  at  the  peripheral 
site  and  block  product  dissociation  from  the  acylation  site, 
this  extended  model  can  account  quantitatively  for  substrate 
inhibition.^  The  necessity  for  slight  revision  of  the  simplest 
version  of  the  steric  blockade  hypothesis  offered  here  also 
is  indicated  by  consistent  observations  of  small  decreases  in 
the  affinity  of  ligands  in  ternary  AChE  complexes  relative 
to  the  corresponding  binary  complex.  In  Table  3  this 
decrease,  indicated  by  the  ratio  of  TSTl^ATl,  was  a  factor  of 
4.7  ±1.4  for  huperzine  A  and  of  6.5  ±  0.6  for  TMTFA  in 
the  AChE— propidium  complex  relative  to  the  free  enzyme. 
Other  studies  have  shown  an  affinity  decrease  of  about  5 
for  edrophonium  (22)  and  4  for  methylacridinium  (27)  in 
the  AChE— fasciculin  2  complex  relative  to  free  AChE.  The 
consistent  magnitude  of  these  factors  suggests  that  affinity 
decreases  of  cationic  ligands  in  many  AChE  ternary  com¬ 
plexes  are  governed  by  general  properties  such  as  electro¬ 
static  attraction  rather  than  specific  conformational  interac¬ 
tion.  Even  though  the  steric  blockade  hypothesis  here 
proposed  no  changes  in  equilibrium  constants  in  AChE 
ternary  complexes,  a  minor  5-fold  decrease  in  ligand  affinities 
in  the  ternary  complexes  can  be  incorporated  into  the 
hypothesis  with  virtually  no  effect  on  simulated  values  of  a 
and  p.  For  example,  a  5-fold  increase  in  k-ss  and  k-si  from 
their  values  in  case  1  of  Table  1  changes  the  simulated  values 
of  a  and  p  by  less  than  8%  (data  not  shown). 

Despite  the  agreement  of  the  simulated  and  experimental 
data  for  the  two  substrates  and  two  inhibitors  in  Table  2, 
these  data  provide  only  a  correlation  and  do  not  prove  our 
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nonequilibrium  steric  blockade  hypothesis.  The  predictive 
power  of  the  hypothesis  would  be  enhanced  if  all  the  rate 
constants  in  the  simulations  could  be  assigned  independently, 
but  independent  estimates  of  ks2  and  k-si  for  substrates  are 
very  difficult  to  obtain.  Alternatively,  the  hypothesis  predicts 
that  not  only  substrates  but  also  ligand  inhibitors  that  bind 
to  the  acylation  site  should  show  decreased  association  and 
dissociation  rate  constants  {ki2  and  k-1^2)  when  a  peripheral 
site  ligand  like  propidium  is  bound.  Most  acylation  site 
ligands  equilibrate  too  rapidly  to  test  this  prediction.  For 
example,  A-methylacridinium  has  a  Ki  in  the  micromolar 
range  and  equilibrates  with  AChE  in  about  a  msec  or  less 
(27,  40).  However,  huperzine  A  binds  near  the  acylation 
site  (28)  and  equilibrates  slowly  enough  to  allow  measure¬ 
ment  of  association  and  dissociation  rate  constants  (34). 
Furthermore,  the  AChE  complex  with  the  trifluoromethyl 
ketone  TMTFA  provides  an  excellent  model  of  the  transition 
state  for  acylation  by  acetylcholine.  The  crystal  structure 
of  the  TMTFA— TcAChE  complex  shows  a  tetrahedral 
adduct  that  nearly  superimposes  on  a  calculated  structure  of 
acetylcholine  in  the  active  site  (29).  TMTFA  has  no  leaving 
group,  so  it  accumulates  as  the  tetrahedral  adduct.  Molecular 
modeling  of  the  ternary  complexes  of  these  ligands  with 
TcAChE— propidium  revealed  that  the  bound  propidium  is 
separated  by  at  least  1 .6  A  from  either  bound  huperzine  A 
or  bound  TMTFA  (Figure  8),  indicating  that  no  overlap 
occurs  in  the  binding  sites  that  could  perturb  equilibrium 
affinities  in  the  ternary  complexes.  As  noted  above  in 
support  of  this  conclusion,  the  4-  to  7-fold  decreases  in  ligand 
equilibrium  affinities  in  these  ternary  complexes  are  com¬ 
parable  to  those  reported  previously  for  ternary  complexes 
involving  fasciculin  2  in  the  peripheral  site.  Measured  values 
of  Icli  and  k-L2  for  huperzine  A  and  TMTFA  with  the 
AChE— propidium  complex  provide  compelling  support  for 
our  steric  blockade  hypothesis.  These  rate  constants  are  49- 
and  10-fold  lower  for  huperzine  A  and  380-  and  60-fold 
lower  for  TMTFA  than  the  respective  rate  constants  and 
k-L  for  the  interaction  of  these  ligands  with  free  AChE.  It  is 
particularly  satisfying  that  the  magnitude  of  these  decreases 
for  the  acetylcholine  analogue  TMTFA  agrees  so  well  with 
the  simulated  ks/ks2  ratio  of  about  70  that  was  found  to 
provide  the  best  correspondence  to  observed  kinetic  param¬ 
eters  for  acetylthiocholine  and  propidium  in  Table  2. 

Does  the  successful  application  of  our  steric  blockade 
hypothesis  in  this  report  rule  out  any  conformational  interac¬ 
tion  between  the  peripheral  and  acylation  sites?  We  argue 
that  it  probably  does  when  the  peripheral  site  is  occupied 
by  small  ligands  such  as  propidium  and  gallamlne.  Proof 
of  this  conformational  interaction  now  requires  evidence 
beyond  steady-state  measurements  of  the  extent  of  propidium 
inhibition.  For  example,  with  the  larger  ligand  fasciculin  2 
bound  to  the  peripheral  site,  we  previously  reported  not  only 
steric  blockade  of  ligand  aecess  to  the  acylation  site  (27) 
but  also  a  conformational  change  in  the  acylation  site  that 
deereased  the  efficiency  of  the  catalytic  triad  (22).  This 
additional  conformational  effect  of  bound  fasciculin  is  seen 
most  clearly  by  eomparing  estimates  of  the  dissociation  rate 
eonstant  k-u2  for  TMTFA.  In  contrast  to  the  60-fold  decrease 
in  this  rate  constant  observed  here  for  the  AChE— pro¬ 
pidium— TMTFA  complex  relative  to  k-L  for  AChE-TMTFA, 
a  20-fold  increase  in  k-u2  relative  to  I:-l  was  reported  for 


Figure  8:  Molecular  models  of  ternary  complexes  involving 
propidium  and  TcAChE.  Residues  are  marked  by  a  heavy  line  with 
propidium  and  acylation  site  ligand  van  der  Waals  spheres  shown 
by  a  dotted  surface.  Nonpolar  hydrogen  atoms  have  been  omitted 
for  clarity.  The  conformation  of  propidium  in  the  TcAChE— 
huperzine  A  complex  (part  A)  was  very  similar  to  that  in  the 
TcAChE— TMTFA  adduct  (part  B).  The  overall  root  mean  square 
deviation  between  matched  atoms  in  the  two  models  was  0.25  A. 
Atom  to  atom  closest  contacts  between  the  propidium  alkyl  chain 
and  the  acylation  site  inhibitors  are  1.6  A  (huperzine  A)  and  1.7  A 
(TMTFA).  Comparison  of  the  propidium  molecule  between  the  two 
models  revealed  only  minor  changes  in  both  the  planarity  of  the 
aromatic  ring  and  the  position  of  the  alkyl  chain. 

the  AChE-fasciculin  2-TMTFA  complex  (37).^  The  increase 
results  in  conformational  destabilization  of  the  tetrahedral 
TMTFA  adduct  in  this  ternary  complex  (Ku/Ki,  s  200),  and 
the  conformational  effect  predominates  over  steric  blockade 
of  TMTFA  egress  in  determining  the  net  change  in  k-]_2- 
Crystal  structure  analyses  of  fasciculin- AChE  complexes  (8, 
9)  show  that  fasciculin  2  interacts  not  only  with  W279  in 
the  peripheral  site  but  also  with  residues  on  the  outer  surface 
of  an  cu-loop  within  4  A  of  W84  in  the  acylation  site,  well 
beyond  the  region  of  the  peripheral  site  occupied  by 
propidium  (see  Figures  7  and  8).  These  more  extensive 
surface  interactions  provide  a  structural  basis  for  an  inhibitory 
conformational  effect  on  the  acylation  site  when  fasciculin 
rather  than  propidium  is  bound  to  the  peripheral  site. 
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abstract:  Two  sites  of  ligand  interaction  in  acetylcholinesterase  (AChE)  were  first  demonstrated  in  ligand 
binding  studies  and  later  confirmed  by  crystallography,  site-specific  mutagenesis,  and  molecular 
modeling:  an  acylation  site  at  the  base  of  the  active  site  gorge  and  a  peripheral  site  at  its  mouth.  We 
recently  introduced  a  steric  blockade  model  which  demonstrated  how  small  peripheral  site  ligands  such 
as  propidium  may  inhibit  substrate  hydrolysis  [Szegletes,  T.,  Mallender,  W.  D.,  and  Rosenberry,  T.  L. 
(1998)  Biochemistry  37,  4206—4216].  In  this  model,  the  only  effect  of  a  bound  peripheral  site  ligand  is 
to  decrease  the  association  and  dissociation  rate  constants  for  an  acylation  site  ligand  without  altering  the 
equilibrium  constant  for  ligand  binding  to  the  acylation  site.  Here,  we  first  provide  evidence  that  not  only 
rate  constants  for  substrates  but  also  dissociation  rate  constants  for  their  hydrolysis  products  are  decreased 
by  bound  peripheral  site  ligand.  Previous  reaction  schemes  for  substrate  hydrolysis  by  AChE  were  extended 
to  include  product  dissociation  steps,  and  acetylthiocholine  hydrolysis  rates  in  the  presence  of  propidium 
under  nonequilibrium  conditions  were  simulated  with  assigned  rate  constants  in  the  program  SCoP.  We 
next  showed  that  cationic  substrates  such  as  acetylthiocholine  and  7-acetoxy-A-methylquinolinium  (M7A) 
bind  to  the  peripheral  site  as  well  as  to  the  acylation  site.  The  neurotoxin  fasciculin  was  used  to  report 
specifically  on  interactions  at  the  peripheral  site.  Analysis  of  inhibition  of  fasciculin  association  rates  by 
these  substrates  revealed  Ks  values  of  about  1  mM  for  the  peripheral  site  binding  of  acetylthiocholine  and 
0.2  mM  for  the  binding  of  M7A.  The  AChE  reaction  scheme  was  further  extended  to  include  substrate 
binding  to  the  peripheral  site  as  the  initial  step  in  the  catalytic  pathway.  Simulations  of  the  steric  blockade 
model  with  this  scheme  were  in  reasonable  agreement  with  observed  substrate  inhibition  for  acetylthio¬ 
choline  and  M7A  and  with  mutual  competitive  inhibition  in  mixtures  of  acetylthiocholine  and  M7A. 
Substrate  inhibition  was  explained  by  blockade  of  product  dissociation  when  substrate  is  bound  to  the 
peripheral  site.  However,  our  analyses  indicate  that  the  primary  physiologic  role  of  the  AChE  peripheral 
site  is  to  accelerate  the  hydrolysis  of  acetylcholine  at  low  substrate  concentrations. 


The  hydrolysis  of  the  neurotransmitter  acetylcholine  by 
acetylcholinesterase  (AChE)'  is  one  of  the  most  efficient 
enzyme  catalytic  reactions  known  (/).  The  basis  of  this  high 
efficiency  has  been  investigated  with  ligand  binding  studies 
interpreted  in  the  context  of  the  AChE  three-dimensional 
structure  determined  by  X-ray  crystallography  (2).  The  long 
and  narrow  active  site  gorge  is  about  20  A  deep  and  includes 
two  sites  of  ligand  interaction:  an  acylation  site  at  the  base 
of  the  gorge  and  a  peripheral  site  at  its  mouth.  In  the  acyl¬ 
ation  site,  residue  S200  (TcAChE  sequence  numbering)  is 
acylated  and  deacylated  during  substrate  turnover,  H440  and 


tThis  work  was  supported  by  Grant  NS- 16577  from  the  National 
Institutes  of  Health  and  by  grants  from  the  Muscular  Dystrophy 
Association  of  America.  W.D.M.  was  supported  by  a  Kendall-Mayo 
Postdoctoral  Fellowship. 

*  To  whom  correspondence  should  be  addressed. 

*  Mayo  Clinic  Jacksonville. 

*  Case  Western  Reserve  University  School  of  Medicine. 

'  Abbreviations:  AChE,  acetylcholinesterase;  TcAChE,  acetylcho¬ 
linesterase  from  Torpedo  californica\  DTNB,  5,5'-dithiobis(2-nitroben- 
zoic  acid);  TMTFA,  m-CAfAfAf-trimethylammonioitrifluoroacetophenone; 
M7A,  7-acetoxy-N-methylquinolinium;  M7H,  7-hydroxy-N-methylquin- 
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E327  participate  with  S200  in  a  catalytic  triad,  and  W84 
binds  to  the  trimethylammonium  group  of  acetylcholine  as 
acyl  transfer  to  S200  is  initiated.  The  peripheral  site  involves 
other  residues  including  W279  {3—8).  Ligands  can  bind  se¬ 
lectively  to  either  the  acylation  or  the  peripheral  sites,  and 
ternary  complexes  with  distinct  ligands  bound  to  each  site 
can  form  (9).  Ligands  that  bind  specifically  to  the  peripheral 
site  include  the  phenanthridinium  derivative  propidium  and  the 
fasciculins,  a  family  of  very  similar  snake  venom  neurotox¬ 
ins  comprised  of  61-amino  acid  polypeptides  (7,  8, 10, 11). 

Despite  its  prominence,  the  role  of  the  peripheral  site  in 
the  AChE  catalytic  pathway  has  remained  obscure.  From 
analysis  of  the  effect  of  ionic  strength  on  kcJK^pp,  we 
proposed  several  years  ago  that  acetylthiocholine  binding  to 
the  active  site  is  controlled  by  a  high  net  negative  charge 
near  the  active  site  that  can  electrostatically  attract  cationic 
substrates  and  inhibitors  {12).  Molecular  modeling  calcula¬ 
tions  {13,  14)  from  the  three-dimensional  structure  support 
this  notion  by  suggesting  that  the  AChE  catalytic  subunit 
has  a  dipole  moment  aligned  with  the  active  site  gorge  that 
can  accelerate  association  rate  constants  for  cationic  ligands. 
The  extent  of  this  acceleration,  measured  as  a  ratio  of  the 
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association  rate  constant  at  low  ionic  strength  to  that  at  high 
ionic  strength,  depends  on  the  cationic  ligand  and  the  species 
of  AChE,  but  it  appears  to  be  about  a  factor  of  7.5  for  the 
cation  TMTFA  with  mouse  AChE  at  zero  ionic  strength  (75). 
However,  mutation  of  up  to  seven  negatively  charged 
residues  at  or  near  the  peripheral  site  on  the  gorge  rim 
reduced  this  factor  by  less  than  60%  (75,  76),  indicating  that 
the  peripheral  site  makes  only  a  modest  contribution  to  the 
electrostatic  field  at  the  active  site.  A  second  possibility  is 
that  ligand  binding  to  the  peripheral  site  results  in  a 
conformational  change  that  promotes  catalysis.  Many  pe¬ 
ripheral  site  ligands  inhibit  substrate  hydrolysis,  and  AChE 
inhibition  by  propidium  has  been  attributed  entirely  to  a 
conformational  change  at  the  acylation  site  induced  by  the 
binding  of  propidium  to  the  peripheral  site  (77).  If  substrate 
interacted  with  the  peripheral  site  on  entering  the  active  site 
gorge,  this  interaction  in  principle  could  induce  a  confor¬ 
mational  change  that  might  promote  substrate  hydrolysis. 
However,  we  recently  introduced  a  steric  blockade  model 
which  demonstrated  how  small  peripheral  site  ligands  such 
as  propidium  may  inhibit  substrate  hydrolysis  without 
inducing  a  conformational  change  in  the  acylation  site  (18). 
This  model  includes  the  simple  hypothesis  that  the  only  effect 
of  a  bound  peripheral  site  ligand  is  to  decrease  the  association 
and  dissociation  rate  constants  for  an  acylation  site  ligand 
without  altering  the  equilibrium  constant  for  ligand  binding 
to  the  acylation  site.  This  hypothesis  was  generally  supported 
by  our  direct  demonstration  that  bound  propidium  decreased 
the  association  and  dissociation  rate  constants  for  the 
acylation  site  ligands  huperzine  A  and  TMTFA  by  factors 
of  10—400.  Therefore,  there  is  little  evidence  that  the  binding 
of  substrates  and  other  small  ligands  to  the  peripheral  site 
induces  a  conformational  change  that  is  significant  with 
respect  to  catalysis. 

In  this  paper,  we  show  that  further  examination  of  our 
steric  blockade  model  leads  directly  to  a  proposed  new  role 
for  the  peripheral  site,  namely,  the  initial  binding  of  substrate 
on  the  AChE  catalytic  pathway.  A  similar  role  has  been 
suggested  for  a  peripheral  site  in  the  closely  related  enzyme 
butyrylcholinesterase  (79).  The  first  step  in  clarifying  this 
role  in  AChE  was  to  analyze  further  the  inhibition  of 
substrate  hydrolysis  by  peripheral  site  ligands.  We  conducted 
nonequilibrium  simulations  that  accounted  quantitatively  for 
inhibition  by  peripheral  site  ligands  at  low  substrate  con¬ 
centrations  but  diverged  from  experimental  data  at  higher 
substrate  concentrations  {18).  The  discordance  prompted  us 
here  to  extend  the  model  to  include  steric  blockade  of  product 
dissociation  as  well  as  of  substrate  association  and  dissocia¬ 
tion  by  a  bound  peripheral  site  ligand.  The  extended  model 
not  only  brought  the  simulations  into  quantitative  agreement 
with  experimental  data  at  all  substrate  concentrations  but  also 
suggested  that  substrate  binding  to  the  peripheral  site  could 
block  product  release  and  account  for  the  well-known 
phenomenon  of  substrate  inhibition  with  AChE.  With  a 
competition  assay  for  fasciculin  binding  to  quantify  the 
affinity  of  substrates  for  the  peripheral  site,  we  then 
demonstrated  a  satisfactory  correspondence  of  the  simulated 
and  observed  substrate  inhibition  data.  The  complete  mode! 
indicates  that  the  peripheral  site  serves  as  an  initial  binding 
site  for  substrate  entry  to  the  acylation  site  and  that  this  initial 
binding  accelerates  the  rate  constant  for  substrate 

hydrolysis  at  low  substrate  concentrations. 


EXPERIMENTAL  PROCEDURES 

Materials.  Human  erythrocyte  AChE  was  purified  as 
outlined  previously,  and  active  site  concentrations  were 
determined  by  assuming  410  units/nmol  {20,  21).  Propidium 
iodide  was  purchased  from  Calbiochem.  M7H  iodide  and 
some  stocks  of  M7A  iodide  were  obtained  from  Molecular 
Probes,  while  other  stocks  of  M7A  iodide  were  synthesized 
by  the  Mayo  Clinic  Jacksonville  Organic  Synthesis  Core 
Facility.  Fasciculin  was  the  fasciculin  2  form  obtained  from 
C.  Cervenansky  at  the  Instituto  de  Investigaciones  Biologicas 
(Clemente  Estable,  Montevideo,  Uruguay)  (22). 

Steady  State  Measurements  of  AChE-Catalyzed  Substrate 
Hydrolysis.  Hydrolysis  rates  v  were  measured  at  various 
substrate  (S)  concentrations  in  1  mL  assay  solutions  with 
buffer  (20  mM  sodium  phosphate  and  0.02%  Triton  X-100 
at  pH  7.0)  at  25  °C.  To  maintain  a  constant  ionic  strength 
with  protocols  in  which  the  acetylthiocholine  concentration 
exceeded  1  mM,  NaCl  was  added  such  that  the  sum  of  the 
acetylthiocholine  and  NaCl  concentrations  was  60  mM. 
Acetylthiocholine  assay  solutions  included  0.33  mM  DTNB, 
and  hydrolysis  was  monitored  by  formation  of  the  thiolate 
dianion  of  DTNB  at  412  nm  [Ae4i2nm  —  14.15  mM“'  cm"' 
(25)]  for  1—5  min  on  a  Varian  Cary  3A  spectrophotometer 
{24).  Hydrolysis  of  M7A  was  followed  by  formation  of  M7H 
at  406  nm  (Ae406nm  =  9.2  mM“'  cm”'  at  pH  7.0),  and 
nonenzymatic  hydrolysis  rates  were  deducted  (25,  26). 

At  high  concentrations  of  acetylthiocholine  and  M7A,  v 
declined  below  the  maximal  hydrolysis  rates  observed  at 
lower  S  concentrations.  The  dependence  of  v  on  [S]  was 
fitted  to  the  Haldane  equation  for  substrate  inhibition  (27) 
as  shown  in  eq  1 . 


V 


^maxIS] 


[S] 


1-1- 


+  K, 


app 


(1) 


In  eq  1,  Vmax  =  kcat[£]iot  where  [^mt  is  the  total  concentration 
of  AChE  active  sites.  Data  were  fitted  with  Fig.P  (BioSoft, 
version  6.0)  to  eq  1  by  nonlinear  regression  analyses;  with 
experimental  data,  weighting  assumed  that  v  has  a  constant 
percent  error. 

At  low  concentrations  of  acetylthiocholine  and  M7A, 
reciprocal  plots  of  y”'  vs  [S]”'  were  linear.  Competitive 
inhibition  constants  {K\)  for  inhibitors  I  were  obtained  by 
either  (1)  analysis  of  replots  of  reciprocal  plot  slopes  obtained 
over  a  range  of  fixed  concentrations  of  I  {18)  or  (2)  direct 
measurements  of  the  second-order  hydrolysis  rate  constants 
z  in  the  presence  and  absence  of  I  at  low  S  concentrations. 
When  I  was  a  competing  substrate,  z  was  measured  as  an 
initial  velocity  at  low  S  concentrations  (i.e.,  [S]  <  Q.fTiTapp). 
The  extent  of  acetylthiocholine  hydrolysis  in  the  presence 
of  M7A  was  measured  with  20  /<M  pyridine  disulfide  (2,2'- 
dithiobispyridine;  Acros)  in  place  of  DTNB.  Absorbance  of 
pyridine  thiol  was  monitored  at  347  nm  [Ae34inm  =  8.1  mM”' 
cm”'  (28)]  because  347  nm  corresponded  to  the  isosbestic 
point  of  M7H  and  M7A.  The  extent  of  M7A  hydrolysis  in 
the  presence  of  acetylthiocholine  was  measured  on  a  Perkin- 
Elmer  LS  50B  luminescence  spectrometer  [excitation  at  400 
nm,  emission  at  500  nm  (25)].  When  I  was  an  inhibitor  that 
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was  not  metabolized,  z  was  determined  as  a  pseudo-first- 
order  rate  constant  from  eq  2  (22). 

[S]  =  [Sloe-^'  (2) 


of  all  enzyme  species  in  which  nothing,  S,  or  propidium  (I), 
respectively,  is  bound  to  the  peripheral  site.  Assuming  that 
fasciculin  (F)  reacts  only  with  species  in  'IE  and  SESp,  ^on 
is  given  by  eq  6. 


Equation  2  is  valid  when  the  initial  substrate  concentration 
[SJo  is  low  (i.e.,  [S]o  ^  A^ss  and  [S]o  <  about  0.2Arapp).  In 
the  absence  of  I,  z  is  denoted  zi=o  =  Vmx/A'app  and  eq  2 
corresponds  to  the  integrated  form  of  eq  1.  Measured  z  values 
at  various  I  concentrations  were  fitted  to  eq  3  to  obtain  K\ 
and  the  constant  a  (,18). 


z 

^1=0 


(3) 


For  inhibitors  that  bind  to  the  peripheral  site  and  form  ternary 
complexes  £SIp  (see  Scheme  1  below),  a  is  a  measure  of 
the  acylation  rate  constant  through  the  ternary  complex  at 
low  substrate  concentrations  relative  to  kcJK^pp  (18).  In 
contrast,  for  inhibitors  that  bind  preferentially  to  the  acylation 
site,  a  is  essentially  zero. 

Slow  Equilibration  of  Fasciculin  in  the  Presence  of 
Peripheral  Site  Inhibitors.  The  rates  of  fasciculin  binding 
to  the  AChE  peripheral  site  were  analyzed  by  an  extension 
of  procedures  used  previously  (22).  Association  reactions 
(2  mL)  were  initiated  by  adding  small  volumes  of  AChE 
and  acetylthiocholine  to  final  concentrations  of  0.5-10  nM 
fasciculin  and  0.1  mM  DTNB  in  buffer  (with  [NaCl]  =  60 
mM  -  [S]  as  above)  at  25  °C.  Some  reaction  mixtures  also 
included  20  /rM  propidium.  The  extent  of  fasciculin  binding 
was  measured  under  approximate  first-order  conditions  in 
which  the  concentrations  of  all  ligands  were  adjusted  to  at 
least  8  times  the  concentration  of  AChE  and  the  acetyl¬ 
thiocholine  level  was  not  significantly  depleted  (<20%). 
Acetylthiocholine  hydrolysis  was  monitored  by  continuous 
spectrophotometric  assay  as  outlined  above,  and  assay  rates 
V  over  2  s  intervals  were  fitted  by  nonlinear  regression 
analysis  (Fig.P)  to  eq  4.  In  eq  4,  ^initial  and  i^r,nai  are  the 
calculated  values  of  v  at  time  zero  and  at  the  final  steady 
state  when  fasciculin  binding  has  reached  equilibrium,  and 
k  is  the  observed  first-order  rate  constant  for  the  approach 
to  equilibrium. 

—  '^final  3"  (''initial  ~  ''final)  ®  (4) 


Each  series  of  binding  measurements  included  reactions  at 
a  fixed  acetylthiocholine  (S)  concentration  and  at  least  four 
fasciculin  concentrations  [F].  The  observed  k  for  each 
reaction  was  given  by  eq  5,  and  Kn,  the  apparent  association 
rate  constant,  was  determined  by  weighted  linear  regression 
analysis  in  which  k  was  assumed  to  have  a  constant  percent 
error. 


k-B  +  k\ 
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FP 


^on 


1.®  +  " 


ATt 


(6) 


In  eq  6,  kp  is  the  intrinsic  association  rate  constant  for  E  and 
F,  kpp  is  the  intrinsic  association  rate  constant  for  ESp  and 
F,  and  Ks  and  K\  are  the  equilibrium  dissociation  constants 
for  S  and  I,  respectively,  at  the  peripheral  site.  When  eq  6 
was  employed,  mean  values  of  ko„  obtained  at  each  S 
concentration  were  fitted  with  Fig.P  by  nonlinear  regression 
analysis  with  the  reciprocals  of  the  variances  as  weighting 
factors  to  give  apparent  Ks  estimates.  If  ligand  binding  to 
the  peripheral  site  is  altered  by  the  presence  of  a  ligand  at 
the  acylation  site,  then  kan  in  eq  6  in  principle  must  be 
extended  by  additional  terms  (26,  29).  We  will  assume  that 
these  additional  terms  can  be  grouped  in  SEXa  as  shown  in 
eq  7,  where  the  specific  terms  in  each  sum  are  given  in 
Scheme  5  in  the  Appendix  and  kpK  is  the  intrinsic  association 
rate  constant  for  species  in  2£Xa  and  F. 

k  =  +  [^A])  +  ^FpI^Sp  -H  AfaI^Xa 

“  [E]  -k  [EA]  +  XESp  +  +  I^p 


Equation  7  cannot  be  solved  analytically,  but  it  can  be  solved 
numerically  with  the  SCoP  simulation  program  as  outlined 
in  the  text. 

The  value  of  Ks  for  M7A  was  obtained  by  a  modification 
of  the  above  procedure  in  which  fasciculin  association 
reactions  were  measured  at  412  nm  with  2  nM  fasciculin, 
0.25  mM  acetylthiocholine,  and  0—300  ^M  M7A  in  1.0  mL 
of  buffer  without  added  NaCl.  Observed  k  values  were 
assumed  to  approximate  Aron,  and  Ks  was  calculated  from  eq 
6  (with  [I]  and  kpp  set  to  0), 

Simulations  of  Kinetic  Equations  and  Assignment  of 
Simulation  Rate  Constants.  The  calculation  of  substrate 
hydrolysis  rates  from  AChE  reaction  pathways  in  which 
reversible  reactions  are  not  at  equilibrium  is  difficult  because 
solutions  to  the  corresponding  differential  equations  are  too 
complex  for  useful  comparison  to  experimental  data.  We 
previously  described  our  application  of  the  program  denoted 
SCoP  (version  3.51),  developed  through  the  NIH  National 
Center  for  Research  Resources  and  available  from  Simulation 
Resources,  Inc.  (Redlands,  CA),  to  solve  these  equations 
numerically  (18).  To  obtain  the  simulated  solutions  to 
reaction  schemes  with  the  SCoP  program,  values  for  all 
reaction  rate  constants  must  be  assigned  or  fitted.  For  Scheme 
1,  the  second-order  rate  constant  for  substrate  hydrolysis  in 
the  absence  of  inhibitor  is  given  by  eq  8. 


=  *on[F]  +  fcoff  (5) 

If  ligand  binding  to  the  peripheral  site  is  unaffected  by  the 
presence  of  ligands  or  an  acyl  group  at  the  acylation  site, 
then  only  three  sets  of  enzyme  species  need  be  considered: 
IE,  lESp,  and  S£Ip.  These  are  the  sums  of  the  concentrations 


^app  k,s  +  *2 


(8) 


We  previously  showed  (18)  that  values  of  ks  and  k-s  in  eq 
8  could  be  assigned  if  (1)  estimates  of  k^at,  ATapp,  and  k2  were 
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Table  1 :  Rate  Constants  for  Simulated  Substrate  Hydrolysis  and  Substrate  Inhibition  with  AChE" 


substrate 

ks  (mM-'  s-‘) 

k-s  (s-') 

*i*’(s  ’) 

k-f(s-') 

ki,  ks  (s->) 

k-pH^-') 

k-P2/k-r(s-*) 

a-f  i 

acetylthiocholine 

isty 

2  X  105 

KOM 

4x10* 

1.4  X  10“ 

1.3  X  10= 

0.01 

1 

M7A 

200 

4  X  10^ 

4x  10’ 

1.4  X  10“ 

1.3  X  105 

0.01 

1 

"  Simulations  for  both  substrates  were  generated  as  outlined  in  the  text  with  the  indicated  values  of  rate  constants  defined  in  Scheme  5  in  the 
Appendix.  Calculated  from  eq  9  or  10  with  an  Rs  that  was  assumed  to  be  1.0  (see  Experimental  Procedures).  "  Assigned  from  measured  values 
for  Kf  of  0.66  ±  0.03  mM  for  thiocholine  or  6.4  ±  0.6  /iM  for  M7H  as  outlined  in  Experimental  Procedures.  ■'  The  extent  of  substrate  inhibition 
with  acetylthiocholine  was  measured  at  a  constant  ionic  strength  slightly  higher  than  that  in  other  experiments  (see  Experimental  Procedures).  Ionic 
strength  affects  primarily  Rapp  but  not  kcu  (12)',  ks,  assumed  to  be  the  only  rate  constant  sensitive  to  ionic  strength,  was  recalculated  from  Rapp- 


available  and  (2)  the  solvent  deuterium  oxide  isotope  effects 
R,  Rs,  and  R2  were  known,  where  R,  Rs,  and  R2  are  the 
respective  ratios  of  ks,  and  k2  in  H2O  to  that  in  D2O. 

When  i?2  was  assigned  a  typical  value  of  2.5  and  Rs  was 
assumed  to  be  1.0,  for  example,  ks  =  l.5(kcJKapp)f(2.5  - 
R). 

The  second-order  substrate  hydrolysis  rate  constant  in 
Scheme  3  in  the  Results  is  given  by  eq  9. 


'’cat 


"app 


ksk\k2 


fc sfc.i  +  k2(k.s'^  ki) 


(9) 


Assuming  again  that  k2  and  ks  are  the  only  intrinsic  rate 
constants  in  this  equation  that  are  altered  when  H2O  is 
replaced  by  D2O  and  that  R2  =  2.5,  eq  10  may  be  derived. 


1.5Jfc. 


1  + 
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app 
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assigned  values  of  k2  and  ks  for  M7A  were  the  same  as  those 
for  acetylthiocholine  because  (1)  the  ks  reaction  is  identical 
with  both  substrates  and  (2)  the  simulations  were  quite 
insensitive  to  ks  when  ks  exceeded  ^-p;  8-fold  increases  or 
decreases  in  ks  resulted  in  less  than  a  factor  of  2  change  in 
fitted  parameters  when  simulated  v  versus  [S]  curves  were 
analyzed  with  the  Haldane  equation. 

For  all  substrates,  we  obtained  estimates  of  k-p  (Schemes 
2  and  3)  from  k-p  =  K\kp,  where  K\  —  Kp  was  the  competitive 
inhibition  constant  for  reaction  product  P  measured  with  a 
different  substrate.  Since  estimates  of  kp  are  unavailable  for 
any  of  the  substrates  used  in  this  study,  kp  was  assumed  to 
have  the  same  value  as  ks.  The  steric  blockade  parameter 
k-ps/k-p  was  assumed  to  be  0.01—0.04,  consistent  with  our 
previous  observations  that  ligand  binding  to  the  peripheral 
site  decreases  ligand  dissociation  rate  constants  from  the 
acylation  site  by  10- 100-fold  (18).  Assigned  intrinsic  rate 
constants  for  acetylthiocholine  and  M7A  are  summarized  in 
Table  1. 

RESULTS 


To  assign  the  intrinsic  rate  constants  in  eq  9,  we  inserted 
independent  estimates  of  ka,i  and  into  eq  10.  For 
example,  for  acetylthiocholine  and  human  AChE,  we  previ¬ 
ously  estimated  that  ^cai  =  7000  s“‘  and  k2  =  ks=  1.4  x 
10^  s"'  (18).  With  a  measured  value  for  Rapp  of  58  (Table 
2  below),  eq  10  requires  that  ks  >  hJKapp  =  120  s“'. 

For  M7A,  we  obtained  KJK^pp  from  parallel  measurements 
of  Vmax/Rapp  (us  the  coustant  zi=o  in  eq  2)  for  M7A  and 
acetylthiocholine.  The  kcJK^pp  for  M7A  was  82  ±  2%  of 
the  itca/^app  for  acetylthiocholine  (data  not  shown).  From  our 
measured  values  of  Rs  [1-5  mM  for  acetylthiocholine  (Figure 
2B  below)  and  0.18  ±  0.01  mM  for  M7A  (data  not  shown)], 
k-s  values  were  calculated  from  k-s  =  Ksks.  Assignments 
of  k\  and  k-i  become  problematic  when  R  approaches  1.0 
because  of  uncertainty  in  Rs.  Rs  has  been  considered  to  be 
as  high  as  1.25,  the  ratio  of  the  viscosities  of  D2O  to  H2O  at 
25  °C  (see,  e.g.,  refs  30  and  31).  For  acetylthiocholine,  R  = 
1.21  ±  0.02  (22),  and  for  M7A,  R  =  1.09  ±  0.05  (data  not 
shown);  k[  calculated  from  eq  10  was  very  sensitive  to  the 
values  of  both  ks  and  Rs.  In  practical  terms,  the  simulations 
were  not  sensitive  to  the  absolute  values  of  ks,  k\,  and  ^-1 
as  long  as  k\  was  calculated  from  eq  10  and  k-\  from  eq  9. 
For  example,  simulated  substrate  inhibition  curves  for 
acetylthiocholine  (Figure  3A  below)  were  fitted  to  the 
Haldane  equation  (eq  1)  by  varying  ks  from  120  to  500  ,aM“* 
s”’  and  calculating  the  corresponding  values  of  k-s,  k\,  and 
k-\  (with  all  other  rate  constants  fixed).  The  resulting  fitted 
Rapp  and  Kss  values  varied  by  less  than  5%  (data  not  shown). 
We  assigned  ks  values  of  200 /iM”*  s"'  (at  the  ionic  strength 
of  buffer  alone)  to  correspond  to  the  general  ligand  associa¬ 
tion  rate  constant  used  in  our  previous  simulations  (18).  The 


Expansion  of  Our  Steric  Blockade  Model  To  Include  Inhib¬ 
ition  of  Product  Dissociation.  When  a  ligand  binds  to  the 
peripheral  site  of  AChE,  the  ensuing  inhibition  of  substrate 
hydrolysis  is  often  interpreted  according  to  Scheme  1. 


Scheme  1 

ks 

S  +  E  ^  £S 
k-s 

+  + 

ks  ks 

— +  EA  — » 

-t- 

E  +  products 

I  I 

I 

ki  Jf  k.i  kgi  Jf  k^i 

kxi  Jf^-AI 

ks2 

S  +  £Ip  ^  £SIp 

ak2  bks 

EAIp  — > 

EIp  +  products 

Inhibitor  (I)  can  bind  to  each  of  the  three  enzyme  species 
E,  ES,  and  EA.  For  example,  RSIp  represents  a  ternary 
complex  with  substrate  (S)  at  the  acylation  site  and  I  at  the 
peripheral  site  (denoted  by  the  subscript  P).  The  acylation 
rate  constant  kz  is  altered  by  a  factor  a  in  this  ternary 
complex,  and  the  deacylation  rate  constant  ks  is  altered  by  a 
factor  b  in  the  £AIp  complex.  To  obtain  a  tractable  solution 
to  the  steady  state  substrate  hydrolysis  rate  v  that  corresponds 
to  Scheme  1,  it  has  often  been  assumed  that  the  reversible 
reactions  are  at  equilibrium  (with  k-x/kx  —  Rx).  Although 
this  assumption  cannot  be  justified  for  AChE  (1),  the  mixed, 
partial  inhibition  patterns  that  are  often  observed  with 
peripheral  site  inhibitors  of  AChE  can  be  fitted  to  the 
equilibrium  solution  (18).  These  fits  require  that  a  (or  b  and 
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[acetylthiochollne],  mM 

Figure  1:  Propidium  inhibition  of  the  AChE-catalyzed  hydrolysis 
of  acetylthiocholine.  Points  represent  initial  velocities  measured  as 
outlined  in  Experimental  Procedures  at  25  pM  AChE  and  the 
indicated  acetylthiocholine  concentrations  with  (□)  or  without  (O) 
50  fjM  propidium.  Lines  were  generated  by  the  SCoP  simulation 
program  for  rate  constants  in  Scheme  1  (0—0  and  -  -  -)  or  Scheme 
4  (□—□).  Rate  constant  values  assigned  previously  {18)  were  as 
follows:  ks  =  ki  =  ksi  =  A:ai  =  200  fiM~'  s“';  ks2  =  3  s~'; 

k-s  =  3  X  10^  s“';  k-s2  =  45  s”';  k-j  =  k-si  =  ^-ai  =  200  s“';  k2 
=  k}=  1.4  X  lO"*  s“*;  and  a  =  h  =  1.  New  rate  constants  required 
to  extend  Scheme  1  to  Scheme  4  were  assigned  as  follows:  it-p  = 
6  X  lO"*  s~';  k~p2  =  9  X  10^  s"';  and  c  =  d  =  e  =  f=  i  =  1. 

KslKsi)  be  much  less  than  1 ,  and  interpretation  of  such  low 
values  would  appear  to  indicate  a  conformational  interaction 
between  the  two  sites. 

To  avoid  assumptions  of  equilibrium  in  Scheme  1,  we 
introduced  a  nonequilibrium  analysis  that  involved  numerical 
solution  of  the  rate  equations  that  arise  from  Scheme  1  with 
the  SCoP  program  (18).  The  analysis  required  assignment 
of  all  the  rate  constants  in  Scheme  1  and  generated  simulated 
values  of  v.  We  simplified  these  assignments  by  proposing 
our  steric  blockade  model  in  which  the  only  effect  of  bound 
peripheral  site  ligand  is  to  decrease  ksi  relative  to  ks  and 
^-S2  relative  to  k-s  while  maintaining  Ks  =  Ksi  and  a  =  b 
=  1 .  Since  ks  is  rate-limiting  at  low  substrate  concentrations 
without  inhibitor  and  ks2  becomes  rate-limiting  at  low 
substrate  concentrations  and  saturating  concentrations  of 
inhibitor,  the  model  with  Scheme  1  correctly  predicts  that 
increasing  concentrations  of  inhibitor  should  progressively 
decrease  the  second-order  hydrolysis  rate  measured  at  low 
substrate  concentrations  (18).  However,  at  high  substrate 
concentrations,  neither  ks  nor  ks2  remains  rate-limiting,  and 
the  model  with  Scheme  1  predicts  that  inhibitor  should  have 
no  effect  on  the  obtained  at  high  substrate  concentra¬ 
tions.  This  prediction  is  not  supported  experimentally,  as 
illustrated  in  Figure  1.  This  figure  shows  y  as  a  function  of 
acetylthiocholine  concentration.  In  the  absence  of  propidium, 
the  observed  v  (O)  were  fitted  well  by  the  line  simulated 
with  the  steric  blockade  model.  With  the  peripheral  site 
occupied  by  a  saturating  concentration  of  propidium  (50  flM), 
the  simulated  v  (dashed  line)  corresponded  well  with  the 
observed  v  (□)  at  low  substrate  concentrations  but  increased 
much  more  than  the  observed  v  at  higher  substrate  concen¬ 
trations.  Near  100  mM  acetylthiocholine,  the  simulated  lines 
for  V  with  and  without  propidium  converged.  Therefore,  the 
steric  blockade  model  with  Scheme  1  fails  to  incorporate  an 
inhibition  component  that  becomes  apparent  at  high  substrate 
concentrations.  This  inhibition  component  might  involve 
substrate  inhibition,  a  phenomenon  observed  with  some 
cationic  substrates  such  as  acetylthiocholine  that  is  addressed 
below.  However,  the  experimental  acetylthiocholine  con¬ 
centrations  in  Figure  1  are  below  the  range  where  substrate 
inhibition  is  observed.  Furthermore,  the  divergence  in  Figure 


1  between  simulated  and  observed  v  values  in  the  presence 
of  propidium  is  also  seen  with  other  substrates  such  as  phenyl 
acetate  that  do  not  exhibit  substrate  inhibition  (18). 

Schemes  2  and  4  incorporate  a  logical  extension  of  Scheme 
1  which,  as  we  now  show,  can  eliminate  disagreement 
between  the  steric  blockade  model  and  observed  v  at  the 
higher  substrate  concentrations  investigated  experimentally 
in  Figure  1.  Scheme  2  makes  explicit  the  dissociation  rate 
constant  k-f  for  the  first  product  P,  the  alcohol  leaving  group 
(e.g.,  thiocholine)  generated  by  acylation  of  the  active  site 
serine.  For  simplicity,  inclusion  of  a  peripheral  site  inhibitor 
is  deferred  to  Scheme  4  in  the  Appendix. 
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The  first  intermediate  following  enzyme  acylation  in  Scheme 
2  is  EAP.  To  maintain  generality,  P  may  dissociate  before 
(dk-p)  or  after  (I:-p)  the  deacylation  step.  EAP  has  not  been 
included  explicitly  in  most  catalytic  pathways  previously 
considered  for  AChE  because  dk-p  has  been  assumed  to  be 
sufficiently  fast  to  render  any  accumulation  of  EAP  negli¬ 
gible.  This  appears  to  be  a  good  assumption  for  most  AChE 
substrates.  For  example,  we  estimated  k-p  for  acetylthio¬ 
choline  to  be  1.3  X  10^  s“'  from  the  relationship  it-p  =  kpKp, 
where  a  Kp  of  0.66  mM  was  measured  as  the  competitive 
inhibition  constant  for  thiocholine  inhibition  of  M7A  hy¬ 
drolysis  (data  not  shown)  and  the  association  rate  constant 
kp  for  thiocholine  was  assigned  the  same  value  assumed  for 
acetylthiocholine  (200 s“').  Since  this  k-p  is  nearly  1 
order  of  magnitude  larger  than  k2  or  A:3,  its  inclusion  in  the 
model  has  little  effect  on  the  experimental  kinetic  parameters; 
calculations  based  on  Schemes  1  and  2  (with  d  =  1)  show 
that  katt  is  decreased  by  less  than  1%  and  k^JK^pp  is  unaltered. 

We  extend  our  steric  blockade  hypothesis  with  Scheme  4 
(Appendix)  by  proposing  that  a  bound  peripheral  site 
inhibitor  not  only  reduces  association  and  dissociation  rate 
constants  for  substrate  binding  to  the  acylation  site  but  also 
reduces  the  dissociation  rate  constant  for  release  of  P.  In 
this  case,  a  simulated  nonequilibrium  analysis  demonstrates 
that  product  dissociation  rate  constants  can  become  impor¬ 
tant.  A  key  rate  constant  in  this  analysis  was  k-P2,  the  rate 
constant  for  dissociation  of  P  from  the  EPIp  ternary  complex, 
since  our  steric  blockade  model  proposes  that  the  only 
consequences  of  ligand  binding  to  the  peripheral  site  are  low 
ratios  of  ksdks,  k-s2/k-s,  and  k-pjk-p.  For  example,  if  bound 
propidium  at  the  peripheral  site  reduced  k-P2  in  Scheme  4 
to  1.5%  of  k-p,  the  same  reduction  previously  deduced  for 
k-s2  relative  to  k-s  for  acetylthiocholine  (18),  then  thiocholine 
dissociation  does  contribute  to  a  reduction  in  v.  With  a  k-p 
of  1.3  X  10^  s~*  as  calculated  above,  most  of  the  divergence 
between  the  experimental  points  with  50  fiM  propidium  and 
the  corresponding  simulated  line  in  Figure  1  was  eliminated. 
Assigning  just  a  2-fold  lower  value  of  k-p  (6  x  10'*  s“') 
completely  eliminated  this  divergence  and  gave  the  simulated 
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lower  line  shown  in  Figure  1 .  Therefore,  if  product  affinity 
for  the  acylation  site  is  sufficiently  high,  product  release  may 
become  partially  rate-limiting  when  the  peripheral  site  is 
occupied.  Specifically,  v  will  be  affected  when  the  product 
dissociation  rate  constant  k-P2  falls  within  the  range  of  the 
acylation  (k2)  and  deacylation  (^3)  rate  constants.  Thiocholine, 
a  cationic  leaving  group  P,  illustrates  this  point  in  Figure  1. 
In  contrast,  the  acetate  product  (Ac)  of  acetylthiocholine 
hydrolysis  has  an  affinity  for  the  acylation  site  that  is  too 
low  (Ki  >100  mM)  to  contribute  any  rate  limitation  even 
with  propidium  bound  to  the  peripheral  site.  The  analysis  in 
Figure  1  completes  our  demonstration  that  the  steric  blockade 
can  explain  AChE  inhibition  by  peripheral  site  ligands. 
Specifically,  direct  measurement  of  association  and  dissocia¬ 
tion  rate  constants  for  the  acylation  site  ligands  huperzine 
A  and  TMTFA  revealed  decreases  of  10—380-fold  when 
propidium  was  bound  to  the  peripheral  site  (18),  and 
decreases  in  these  rate  constants  alone  for  substrates  and  their 
hydrolysis  products  are  sufficient  to  account  for  inhibition 
by  bound  peripheral  site  ligands  at  both  low  (18)  and  high 
(Figure  1)  substrate  concentrations. 

Acetylcholine  Can  Bind  to  the  Peripheral  Site.  We  turn 
next  to  the  questions  of  whether  acetylthiocholine,  a  close 
analogue  of  the  physiological  substrate  acetylcholine,  can 
bind  to  the  peripheral  site  and  whether  this  binding  is  of 
significance  on  the  catalytic  pathway.  Scheme  3  defines  an 
initial  complex  ESp  of  substrate  with  the  peripheral  site  and 
incorporates  this  species  into  the  previous  catalytic  pathway 
from  Scheme  2. 
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ESp  can  reversibly  proceed  to  ES,  the  complex  of  substrate 
with  the  acylation  site,  where  acylation  occurs.  For  simplicity, 
we  have  not  included  the  additional  complexes  FSSp,  FAPSp, 
FASp,  and  £PSp  in  Scheme  3,  but  they  are  made  explicit  in 
Scheme  5  in  the  Appendix.  These  complexes  are  important 
in  the  phenomenon  of  substrate  inhibition  considered  below, 
and  they  also  must  be  considered  in  any  measurement  of 
substrate  affinity  for  the  peripheral  site. 

A  direct  way  of  measuring  substrate  affinity  for  the 
peripheral  site  is  to  measure  the  effect  of  substrate  on  the 
association  rate  eonstant  k„„  for  a  slowly  equilibrating  ligand 
that  binds  exclusively  to  the  peripheral  site.  Fasciculin  is 
such  a  ligand,  and  we  previously  confirmed  the  affinity  of 
propidium  for  the  peripheral  site  by  measuring  its  inhibition 
constant  Ki  during  fasciculin  binding  (22).  The  analysis  was 
straightforward  with  an  inhibitor  like  propidium  (I)  that 
competes  with  fasciculin,  because  only  a  single  complex  £Ip 
is  formed  to  alter  the  observed  ko„.  If  our  steric  blockade 
model  is  correct  and  ligand  binding  to  the  peripheral  site  is 
unaffected  by  the  presence  of  ligands  or  an  acyl  group  at 
the  acylation  site,  then  this  analysis  can  be  extended  directly 
to  include  substrate.  Only  species  with  S  bound  to  the 
peripheral  site  are  relevant,  and  the  resulting  analysis  should 
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Figure  2:  Acetylthiocholine  binding  to  the  AChE  peripheral  site. 
(A)  The  hydrolysis  rate  v  (AA4i2nm  per  minute)  for  the  approach  to 
equilibrium  fasciculin  (F)  binding  was  measured  with  10  mM 
acetylthiocholine,  50  pM  AChE,  F  (a,  5  nM;  b,  3  nM;  c,  2  nM; 
and  d,  1  nM),  and  buffered  50  mM  NaCl  by  continuous  spectro- 
photometric  assay  as  outlined  in  Experimental  Procedures.  Rate 
constants  (k)  obtained  from  eq  4  were  then  plotted  against  the 
fasciculin  concentration  (eq  5)  to  obtain  ^on  (plot  not  shown).  (B) 
The  dependence  of  ko„  on  the  acetylthiocholine  concentration  was 
analyzed  with  eqs  6  and  7.  Indicated  points  representing  the  average 
of  three  or  four  k^n  measurements  (except  at  15  mM)  were  fitted 
with  eq  6  to  give  apparent  Kg  estimates  of  3.6  ±  1.0  mM  in  the 
absence  of  propidium  (O)  and  0.6  ±0.1  mM  with  IQ  pM  propidium 
(A).  (This  fitting  is  not  shown  here  but  is  given  in  Figure  2B  of  ref 
45.)  A  mean  Kg  of  1.5  mM  was  used  to  assign  k-g  in  Table  1  and 
to  generate  both  lines  representing  the  simulated  dependence  of 
it„„  on  [S]  from  eq  7.  The  simulations  were  based  on  Scheme  5  as 
outlined  in  the  text  with  the  rate  constant  assignments  in  Table  1 
except  that  it-p  =  6  x  lO"*  s“';  in  addition,  k-\  and  k-n  for 
propidium  were  the  same  as  in  Figure  1  but  k\  =  70 /tM"'  s~'  (due 
to  the  change  in  ionic  strength  from  Figure  1).  The  simulated  lines 
also  were  fitted  well  by  eq  6  with  a  Kg  value  of  1.36  ±  0.01  mM 
both  in  the  absence  of  propidium  and  with  20  ^M  propidium. 


be  compatible  with  eq  6.  However,  in  the  presence  of  both 

5  and  I,  Scheme  5  includes  14  liganded  enzyme  species  as 
noted  in  the  Appendix.  It  is  certainly  possible  that  our  model 
is  oversimplified  and  that  ligands  bound  to  the  acylation  site 
will  alter  ligand  binding  to  the  peripheral  site.  We  can  address 
this  possibility  by  simulation  analysis  of  the  more  general 
eq  7.  We  began  our  experimental  analysis  by  measuring  the 
observed  rate  constants  k  for  fasciculin  binding  during 
continuous  substrate  hydrolysis  as  shown  in  Figure  2A. 
Apparent  association  rate  constants  ^on  were  then  calculated 
from  a  series  of  k  values  obtained  at  fixed  acetylthiocholine 
concentrations  [S]  according  to  eq  5.  Plots  of  kon  versus  [S] 
in  the  absence  of  propidium  revealed  that  kan  did  decrease 
at  higher  S  concentrations  and  reasonably  conformed  to  eq 

6  (O  in  Figure  2B).  This  decrease  suggested  that  acetylthio¬ 
choline  competes  with  fasciculin  at  the  peripheral  site,  but 
to  our  surprise,  the  competition  was  only  partial.  Values  of 
kon  at  high  S  concentrations  leveled  off  at  about  one-half  of 
the  koa  extrapolated  to  zero  S  concentration.  According  to 
eq  6,  this  observation  indicates  that  kpp  for  fasciculin  binding 
to  ESp  is  about  one-half  of  kp,  the  intrinsic  association  rate 
constant  for  fasciculin  binding  to  the  peripheral  site  in  free 
AChE.  In  contrast,  kon  for  fasciculin  was  observed  previously 
to  decrease  to  near  zero  at  high  propidium  concentrations, 
and  the  absence  of  any  detectable  kpp  for  fasciculin  with  the 
propidium— AChE  complex  was  taken  as  evidence  that 
fasciculin  and  propidium  were  completely  competitive  (22). 
Our  immediate  concern  was  that  the  partial  acetylthiocholine 
inhibition  of  fasciculin  binding  did  not  reflect  an  interaction 
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of  acetylthiocholine  at  the  peripheral  site  but  instead  was  an 
indirect  effect  of  acetylthiocholine  bound  at  the  acylation 
site.  Three  points  argued  against  this  interpretation.  First, 
the  apparent  Ks  for  the  acetylthiocholine  that  competes  with 
fasciculin  according  to  eq  6  was  in  the  low  millimolar  range 
(Figure  2B).  This  value  was  nearly  2  orders  of  magnitude 
higher  than  /fapp  for  acetylthiocholine,  which  roughly  indi¬ 
cates  the  affinity  of  substrate  complexes  at  the  acylation  site. 
Second,  inclusion  of  edrophonium,  an  inhibitor  specific  for 
the  acylation  site,  at  high  concentrations  (90  times  its  Ki) 
with  acetylthiocholine  and  fasciculin  only  slightly  altered  the 
upper  plot  in  Figure  2B  (data  not  shown).  Third,  when  in 
contrast  a  high  concentration  of  propidium  (nearly  10  times 
its  Ki)  was  included,  progressively  higher  S  concentrations 
actually  increased  the  observed  iton  substantially  (A  in  Figure 
2B).  Since  propidium  affinity  for  the  peripheral  site  is  at 
most  slightly  affected  by  the  binding  of  ligands  to  the 
acylation  site  (9, 18),  this  observation  appears  to  require  that 
acetylthiocholine  and  propidium  compete  at  the  peripheral 
site  and  that  displacement  of  propidium  by  acetylthiocholine 
result  in  an  increased  rate  of  fasciculin  association. 

To  confirm  this  indication  of  acetylthiocholine  binding  to 
the  peripheral  site,  we  conducted  nonequilibrium  simulations 
in  which  km  was  calculated  from  eq  7.  Differential  equations 
corresponding  to  the  rate  expressions  from  Scheme  5  were 
solved  numerically  by  the  SCoP  program  with  rate  constants 
(Table  1  and  Figure  2B)  assigned  as  outlined  in  Experimental 
Procedures.  The  geometric  mean  of  the  apparent  Ks  estimates 
from  eq  6  with  and  without  propidium  was  about  1.5  mM 
(Figure  2B),  and  from  this  value  and  the  previously  estimated 
ks,  a  k-s  of  2  X  10^  s“'  was  assigned.  Two  other  key 
assignments  involved  the  relative  values  of  kpp/kp  and  kpAf 
kp  in  eq  7.  The  decision  to  limit  the  14  possible  fasciculin 
association  rate  constants  to  only  these  three  in  the  numerator 
in  eq  7  was  largely  based  on  the  close  conformity  of  the 
data  in  Figure  2B  to  eq  6.  This  conformity  indicated  that 
fasciculin  associated  with  several  enzyme  species  with 
identical  rate  constants.  We  sorted  these  enzyme  species  into 
four  groups.  The  first  consisted  of  those  with  no  bound 
eationic  ligands  (i.e.,  [£]  -I-  [EA])  with  a  fasciculin  associa¬ 
tion  rate  constant  of  The  second  contained  those  in  which 
substrate  was  bound  to  the  peripheral  site  (XESp)  and  was 
characterized  by  a  relative  rate  constant  of  kfp/kp.  The  third 
ineluded  those  in  which  the  peripheral  site  was  free  but 
substrate  or  its  thiocholine  product  was  bound  to  the  acylation 
site  (LEXa),  and  these  were  given  a  relative  rate  constant 
of  kpA/kp.  The  fourth  involved  those  with  propidium  bound 
to  the  peripheral  site  (S£Ip)  and  with  a  relative  rate  constant 
of  zero.  We  first  simulated  our  steric  blockade  model,  in 
which  ligand  binding  to  the  peripheral  site  is  unaffected  by 
the  presence  of  ligands  or  an  acyl  group  at  the  acylation  site. 
Fasciculin  association  was  assumed  to  be  partially  blocked 
by  substrate  bound  at  the  peripheral  site  (kppikp  —  0.5)  but 
unaffected  by  substrate  or  product  bound  at  the  acylation 
site  (kpA/kp  =  1).  In  support  of  the  latter  assignment,  previous 
data  (22)  and  our  results  above  indieated  that  fasciculin 
association  rate  constants  are  not  affected  by  edrophonium 
bound  to  the  acylation  site.  With  these  assignments,  the 
simulation  program  calculated  the  coneentrations  of  all  the 
enzyme  intermediates  in  Scheme  5,  with  and  without 
propidium,  and  solved  eq  7  for  kon  as  a  function  of  S 
concentration.  The  simulated  values  of  ^nn  are  shown  as  the 
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Figure  3;  Substrate  inhibition  with  acetylthiocholine  and  M7A. 
Points  represent  initial  velocities  («M  min"*)  measured  at  the 
indicated  substrate  concentrations  as  outlined  in  Experimental 
Procedures.  (A)  Reaction  mixtures  with  acetylthiocholine  and  20 
pM  AChE  were  supplemented  with  NaCl  such  that  [S]  -I-  [NaCl] 
=  60  mM  to  maintain  a  constant  ionic  strength.  The  line  was 
generated  by  the  SCoP  simulation  program  with  assigned  rate 
constants  in  Table  1  except  that  k-p  =  6  x  10‘*  s"*.  When  fitted  to 
the  Haldane  equation  (eq  1),  the  simulated  line  corresponded  to  a 
ATapp  of  57.9  ±  0.4  /rM  and  a  ATss  of  17.9  ±  0.1  mM.  (B)  Initial 
velocities  for  M7A  in  20  mM  sodium  phosphate  buffer  with  the 
experimental  AChE  concentrations  (20—2000  pM)  were  normalized 
to  20  pM  AChE  for  comparison  to  Figure  3A.  The  line  was 
generated  by  the  SCoP  simulation  program  with  assigned  rate 
constants  in  Table  1  except  that  k-p  was  slightly  increased  to  1.5 
X  10^  s"'  and  thermodynamic  interaction  between  sites  was 
allowed,  with  i  =  4,  k-s  =  2  x  10'*  s~’,  ki  =  4  x  10'*  s~',  and 
k-pzik-p  =  0.04.  When  fitted  to  the  Haldane  equation,  the  simulated 
line  corresponded  to  a  K^pp  of  9.3  ±  0.1  /rM  and  a  Kss  of  640  ± 
3;<M. 

lines  in  Figure  2B.  They  superimposed  well  with  the  original 
fits  of  the  experimental  data  to  eq  6,  and  they  confirmed 
that  eq  6  provides  an  excellent  approximation  when  fasciculin 
association  is  affected  only  by  substrate  bound  to  the 
peripheral  site.  The  Ks  of  1.4  mM  calculated  from  the 
simulations  agreed  with  the  assigned  Ks-  In  contrast,  when 
both  kpp/kp  and  kpA/kp  were  assigned  a  value  of  0.5,  the 
simulated  Ks  with  20  fiM  propidium  was  unchanged  but  the 
simulated  Ks  without  propidium  decreased  5-fold.  This  trend 
was  the  opposite  of  that  observed  experimentally  in  Figure 
2B.  We  also  examined  whether  a  small  decrease  in  the 
relative  fasciculin  association  rate  with  substrate  or  product 
bound  to  the  acylation  site  (kpA/kp  =  0.5)  could  be  super¬ 
imposed  on  complete  competition  between  substrate  and 
fasciculin  at  the  peripheral  site  {kppikp  =  0).  In  this  case,  the 
simulations  showed  that  ^on  with  20  /cM  propidium  did  not 
change  significantly  with  increased  S  concentrations,  again 
in  contrast  to  the  observations  in  Figure  2B.  These  simula¬ 
tions  confirmed  the  indication  in  the  previous  paragraph  that 
acetylthiocholine  and  propidium  must  compete  at  the  pe¬ 
ripheral  site  for  acetylthiocholine  to  accelerate  fasciculin 
association  in  the  presence  of  propidium. 

Since  the  individual  rate  constants  on  the  catalytic  pathway 
in  Scheme  3  in  general  are  too  high  to  measure  by  rapid 
kinetic  techniques,  there  are  relatively  few  phenomena 
involving  substrate  hydrolysis  by  AChE  that  allow  us  to 
obtain  experimental  evidence  to  support  Schemes  3  and  5 
and  the  rate  constant  assignments  in  Figure  2B.  Two  pertinent 
phenomena  are  substrate  inhibition  and  mixed  substrate 
hydrolysis,  and  these  are  examined  in  the  following  sections. 

Substrate  Inhibition.  When  rates  of  acetylthiocholine 
hydrolysis  with  AChE  are  measured  as  a  function  of 
acetylthiocholine  concentration  [S],  the  profile  in  Figure  3A 
is  observed.  This  profile  does  not  correspond  to  a  simple 
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Table  2:  Simulated  and  Observed  Kinetic  Parameters  for  Substrate 
Hydrolysis  and  Substrate  Inhibition  with  ACHE" 


substrate 

<^at(s  ') 

■^app  (^M) 

ATss  (mM) 

Observed  Values 

acetylthiocholine 

7000* 

58  ±2 

18.6  ±0.7 

M7A 

1300  ±  160^ 

10  ±  1 

0.7  ±  0.1 

Simulated  Values 

acetylthiocholine 

d 

d 

44.4  ±  0.1 

M7A 

1120  ±30* 

8.8  ±  0.04 

0.25  ±  0.001 

“  Kinetic  parameters  were  determined  by  fitting  the  dependence  of 
V  on  the  substrate  concentration  to  the  Haldane  equation  (eq  1). 
Simulated  values  were  obtained  with  Scheme  5  (Appendix)  and  the 
rate  constants  in  Table  1 .  *  From  previous  literature  values  (see  ref  18). 
‘  Calculated  from  the  product  of  x  ‘‘  Matched  to  observed 

parameters  by  rate  constant  assignments. 


Michealis— Menten  kinetic  pattern,  and  the  bell-shaped  curve 
with  the  decline  at  high  S  concentrations  has  long  been 
referred  to  as  substrate  inhibition  (32).  This  curve  can  be 
fitted  to  the  Haldane  equation  (eq  1),  which  contains  three 
experimental  parameters:  Vmax  (=  ^cat[£ltot).  ^^app,  and  the 
substrate  inhibition  constant  K^s-  Since  the  Haldane  equation 
is  not  restricted  to  any  mechanistic  scheme,  it  provides  a 
useful  quantitative  standard  for  assessing  data  simulated  from 
our  nonequilibrium  analysis  of  Scheme  5  with  the  rate 
constant  assignments  in  Table  1.  It  is  important  to  note  that 
these  rate  constants  were  assigned  from  data  unrelated  to 
the  substrate  inhibition  phenomenon  itself. 

For  acetylthiocholine  Kss  was  the  only  parameter  inde¬ 
pendently  obtained  from  this  fitting  procedure,  as  known 
values  of  kcu  and  X'app  were  incorporated  into  the  rate  constant 
assignments.  The  simulation  in  fact  generated  a  curve  exhib¬ 
iting  substrate  inhibition  with  a  Kss  value  of  44.4  mM,  about 
twice  the  observed  Kss  of  18.6  mM  (Table  2).  We  assessed 
changes  in  assigned  rate  constants  that  could  reconcile  this 
difference.  Although  substrate  inhibition  results  from  a  low 
value  of  k-nJk-f,  the  value  of  Kss  obtained  from  the  simu¬ 
lation  was  only  moderately  sensitive  to  the  k-^k-f  assign¬ 
ment  (e.g.,  changing  k-yjk-f  from  0.01  to  0  only  decreased 
the  simulated  Kss  to  28  mM).  In  contrast,  the  simulated  Kss 
value  was  more  sensitive  to  the  assigned  value  of  k-^,  with 
the  two  values  appearing  virtually  proportional.  For  example, 
decreasing  the  assigned  ^-p  from  1.3  x  10^  to  6  x  10'*  s“' 
decreased  the  Kss  obtained  from  the  simulation  to  17.9  mM 
and  gave  an  excellent  fit  of  the  simulated  curve  to  the 
experimental  data,  as  shown  in  Figure  3A.  Since  the  original 
assignment  of  k-^  assumed  that  k?  =  ks,  an  assumption  that 
cannot  be  tested  experimentally  with  available  techniques, 
the  agreement  between  the  observed  and  simulated  substrate 
inhibition  data  appears  to  be  quite  reasonable. 

We  next  turned  to  M7A,  a  substrate  that  previously 
exhibited  substrate  inhibition  with  eel  AChE  (26,  33)  and 
also  showed  this  inhibition  pattern  with  human  AChE  (Figure 
3B).  This  substrate  is  of  particular  interest  in  testing  our  sterie 
blockade  model  beeause  it  binds  to  the  peripheral  site  (Ks 
=  0.18  ±  0.01  mM  from  competition  with  fasciculin,  data 
not  shown),  and  its  hydrolysis  product  M7H  has  a  high 
affinity  for  AChE  and  a  consequent  low  calculated  k-f  of 
1.3  X  10^  s“'  (Table  1).  Analysis  of  the  simulated  v  versus 
[S]  curve  with  the  Haldane  equation  and  the  constants  for 
M7A  in  Table  1  gave  independent  estimates  of  Kss  and  ^ai. 
since  only  the  ratio  k^JK^p^  was  incorporated  into  the  rate 


constant  assignments.  The  simulated  Kss  of  0.25  mM  was 
nearly  3  times  smaller  than  the  observed  Kss  of  0.7  mM, 
but  the  simulated  kcn  was  within  20%  of  that  observed  (Table 
2).  The  reasonably  close  agreement  supported  our  sterie 
blockade  model.  In  particular,  the  observed  ^at  for  M7A  was 
only  19%  of  the  icat  for  acetylthiocholine  (Table  2),  and  this 
low  relative  l:cat  was  explained  in  the  sterie  blockade  model 
by  the  low  k-p  for  the  M7H  product.  In  contrast  to  the 
interaction  of  acetylthiocholine  with  AChE,  the  most  abun¬ 
dant  simulated  intermediate  with  M7A  at  concentrations 
below  Kss  was  EP,  the  AChE  complex  with  the  M7H 
product,  and  dissociation  of  this  complex  was  the  step  that 
limited  the  value  of  l:cat.  As  a  consequence,  a  slight  increase 
in  A:-p  resulted  in  an  almost  proportionate  increase  in  /:cat 
but  in  almost  no  effect  on  Kss.  The  most  straightforward 
way  to  achieve  agreement  between  the  simulated  and 
observed  Kss  values^  was  to  relax  the  stringent  assumption 
in  our  sterie  blockade  model  that  the  affinity  of  ligands  for 
the  peripheral  and  acylation  sites  was  unchanged  when  both 
sites  were  occupied  simultaneously  in  a  ternary  complex  (see 
Discussion).  Good  agreement  was  then  observed  in  Figure 
3B,  where  the  affinities  of  M7A  and  M7H  in  ternary 
complexes  were  assigned  to  be  25%  of  their  affinities  in 
binary  complexes  (e.g.,  i  =  4).  The  simulation  in  Figure  3B 
also  assumed  that  the  apparent  Ks  of  0.18  mM  for  M7A  was 
an  average  of  the  actual  Ks  and  of  iKs,  where  iKs  is  the 
dissociation  constant  for  M7A  binding  to  the  peripheral  site 
when  the  acylation  site  is  occupied  by  M7A  or  M7H. 

Mixed  Substrate  Hydrolysis.  When  two  substrates  are 
mixed  with  AChE,  each  substrate  inhibits  the  hydrolysis  of 
the  other.  We  measured  the  extent  of  competitive  inhibition 
of  acetylthiocholine  hydrolysis  by  M7A  and,  conversely,  the 
extent  of  competitive  inhibition  of  M7A  hydrolysis  by 
acetylthiocholine  by  monitoring  the  hydrolysis  of  each 
substrate  independently.  Competitive  inhibition  was  assessed 
from  relative  second-order  hydrolysis  rate  constants  z  by 
plotting  the  data  according  to  eq  3.  If  none  of  the  enzyme 
intermediates  generated  by  the  competing  substrate  can  react 
with  the  monitored  substrate,  then  the  Ki  for  the  competing 
substrate  should  equal  its  /fapp-  This  is  typically  the  case  for 
simple  models  of  substrate  competition,  and  it  is  also  the 
case  when  M7A  is  the  competing  substrate  during  acetyl¬ 
thiocholine  hydrolysis.  In  Figure  4A,  the  solid  line  represents 
the  inhibition  calculated  from  eq  3  when  /Tj  for  M7A  equals 
its  /fapp  from  Figure  3B.  The  observed  points  were  within 
experimental  error  of  this  line.  Furthermore,  simulation  of 
this  competition  with  the  sterie  blockade  model  applied  to 
Scheme  5  and  the  assigned  rate  constants  in  panels  A  and  B 
of  Figure  3  generated  the  dashed  line  that  also  closely 
followed  the  solid  line.  The  data  indicate  that  acetylthio¬ 
choline  does  not  initiate  its  catalytic  pathway  with  any 


^  Assigned  rate  constants  could  also  be  adjusted  in  the  following 
way  to  obtain  agreement  of  the  simulated  and  observed  Kss  for  M7A 
in  Figure  3B.  A  7-fold  decrease  in  combined  with  a  3-fold  increase 
in  k-T,  relative  to  the  assignments  in  Table  1,  shifted  the  rate-limiting 
step  in  Acai  from  product  dissociation  to  acetylation  and  gave  a  simulated 
curve  virtually  identical  to  the  one  in  Figure  3B.  These  adjustments 
were  not  a  very  attractive  option  because  they  seem  to  run  counter  to 
observations  that  the  M7H  leaving  group  promotes  excellent  acylation 
of  AChE.  For  example,  dimethylcarbamoylated  M7H  shows  a  higher 
acylation  rate  constant  than  dimethylcarbamoylated  choline  (25,  34). 
Furthermore,  these  adjustments  gave  a  less  than  satisfactory  fit  of  the 
simulated  curve  to  the  experimental  points  in  Figure  4B. 
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Figure  4:  Inhibition  of  hydrolysis  of  one  substrate  by  a  second 
substrate.  (A)  Points  denote  second-order  rate  constants  z  for 
acetylthiocholine  (AcSCh)  measured  in  the  presence  of  competing 
M7A  as  the  inhibitor  (see  Experimental  Procedures).  The  points 
were  normalized  to  zm7a=o  for  acetylthiocholine  in  the  absence  of 
M7A  and  plotted  according  to  eq  3.  (B)  Points  denote  second- 
order  rate  constants  z  for  M7A  in  the  presence  of  competing 
acetylthiocholine  (AcSCh)  normalized  to  ZAcsch=o  for  M7A  in  the 
absence  of  acetylthiocholine.  M7A  hydrolysis  was  monitored  by 
spectrofluorometry.  In  each  panel,  indicated  points  represent 
averages  of  two  to  four  measurements.  The  solid  line  is  the  extent 
of  calculated  inhibition  if  the  Ki  for  the  competing  substrate  were 
equal  to  its  K^pp.  The  dashed  line  is  the  extent  of  inhibition  simulated 
for  the  steric  blockade  model  with  Scheme  5  and  the  assigned  rate 
constants  in  panels  A  and  B  of  Figure  3.  New  rate  constants 
resulting  from  mixed  ternary  complexes  (e.g.,  isr  =  hs  —  1.  see 
Appendix)  were  assigned  assuming  no  thermodynamic  interaction 
between  the  bound  ligands  in  these  complexes. 

enzyme  intermediate  produced  by  M7A.  However,  when 
acetylthiocholine  is  the  competing  substrate  during  M7A 
hydrolysis,  the  observed  inhibition  points  fell  below  the  solid 
line  expected  if  Ki  for  acetylthiocholine  were  equal  to  its 
^app  (Figure  4B).  A  similar  pattern  of  inhibition  of  M7A 
hydrolysis  by  acetylthiocholine  was  observed  previously  with 
eel  AChE  (26).  The  level  of  inhibition  in  Figure  4B 
corresponded  well  to  the  level  of  inhibition  simulated  with 
Scheme  5  (dashed  line  in  Figure  4B),  thereby  supporting 
our  steric  blockade  model.  The  simulation  was  particularly 
sensitive  to  two  parameters,  k-s  for  M7A  and  k-pz/k-p  for 
thiocholine  product  dissociation  when  M7A  was  bound  to 
the  peripheral  site.  A  decrease  in  k-s  or  an  increase  in  this 
k-pjk-p  resulted  in  less  inhibition  by  acetylthiocholine.  This 
pattern  indicates  that  an  M7A  molecule  can  initiate  its 
catalytic  pathway  by  binding  to  the  peripheral  site  when 
acetylthiocholine  is  bound  to  the  acylation  site.  The  dis¬ 
sociation  of  this  M7A  is  sufficiently  slow  that  it  will  wait  at 
the  peripheral  site  while  acetylation  by  the  acetylthiocholine 
and  deacetylation  occur  and  the  thiocholine  product  dissoci¬ 
ates  from  the  enzyme.  This  M7A  then  will  proceed  to  the 
acylation  site.  A  corresponding  phenomenon  is  not  seen 
during  M7A  inhibition  of  acetylthiocholine  hydrolysis  be¬ 
cause  acetylthiocholine  dissociates  too  rapidly  from  the 
peripheral  site  and  product  M7H  dissociates  too  slowly  from 
the  acylation  site.  These  data  provide  the  most  direct  evidence 
in  support  of  our  proposal  in  Schemes  3  and  5  that  initial 
substrate  binding  to  the  peripheral  site  occurs  on  the  catalytic 
pathway.  This  pathway  does  not  require  release  of  substrate 
from  the  peripheral  site  to  the  solution  and  its  direct 
reassociation  with  the  acylation  site  for  catalysis  to  occur. 

DISCUSSION 

A  key  observation  in  this  report  is  that  acetylthiocholine 
can  bind  to  the  AChE  peripheral  site  with  an  equilibrium 
dissociation  constant  Ks  of  about  1  mM.  This  value  was 
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determined  from  the  effect  of  the  acetylthiocholine  concen¬ 
tration  on  the  rate  at  which  fasciculin  associates  with  the 
peripheral  site.  The  approach  to  equilibrium  fasciculin 
binding  was  monitored  by  continuous  spectrophotometric 
assay  of  acetylthiocholine  hydrolysis.  We  employed  this 
method  previously  with  the  high-affinity  bisquatemary 
inhibitor  ambenonium  and  found  that  acetylthiocholine 
inhibited  ambenonium  association  by  binding  to  a  site  on 
AChE  with  a  Ks  of  about  1  mM  (29),  in  good  agreement 
with  our  current  estimate.  However,  since  ambenonium  binds 
to  both  the  acylation  and  peripheral  sites  simultaneously,  it 
was  difficult  to  assign  this  acetylthiocholine  binding  to  the 
peripheral  site.  Our  current  assay  has  the  advantages  that 
fasciculin  binds  only  to  the  peripheral  site  and  that  its  slower 
rate  of  binding  allows  greater  precision.  Noise  levels  with 
the  Cary  3A  spectrophotometer  are  low  enough  to  allow 
velocity  estimates  over  2  s  intervals,  and  rate  constants  (k) 
for  the  approach  to  equilibrium  fasciculin  binding  (Figure 
3 A)  were  fitted  with  typical  standard  errors  of  1—5%. 

When  acetylthiocholine  binding  to  the  peripheral  site  is 
incorporated  into  our  steric  blockade  model,  a  wide  range 
of  kinetic  data,  including  substrate  inhibition,  can  be 
explained.  To  keep  the  model  conceptually  simple,  we  have 
examined  the  very  limited  hypothesis  that  the  only  effect  of 
substrates  or  inhibitors  bound  to  the  peripheral  site  is  to 
deerease  association  and  dissociation  rate  constants  for 
acylation  site  ligands  without  changing  their  ratio,  the 
equilibrium  dissociation  constant.  Thus,  we  hypothesize  that 
a  bound  peripheral  site  ligand  has  no  effect  on  the  thermo¬ 
dynamics  of  binding  of  acylation  site  ligands  or  on  their 
reactivity  at  the  acylation  site.  Even  with  this  assumption, 
some  of  the  rate  constants  in  Schemes  3  and  5  cannot  be 
assigned  uniquely.  The  simulations  revealed  that  an  important 
assignment  is  the  rate  constant  for  product  dissociation  k-p. 
This  rate  constant  has  not  been  measured  directly  for  either 
thiocholine  or  M7H,  the  hydrolysis  products  of  the  substrates 
examined  here.  It  is  therefore  reassuring  that  a  single 
assignment  for  k-p  of  6  x  10'*  s”'  for  thiocholine  results  in 
excellent  agreement  of  the  simulations  with  the  observed  data 
for  propidium  inhibition  of  acetylthiocholine  hydrolysis 
(Figure  1),  acetylthiocholine  competition  with  fasciculin  and 
propidium  (Figure  2B),  and  substrate  inhibition  with  acetyl¬ 
thiocholine  (Figure  3A).  While  we  are  convinced  that  the 
steric  blockade  model  offers  the  best  understanding  to  date 
of  ligand  interactions  with  AChE,  further  refinements  can 
be  made.  For  example,  we  noted  previously  that  association 
rate  constants  were  decreased  more  than  dissociation  rate 
constants  for  both  huperzine  A  and  TMTFA  when  propidium 
was  bound  to  the  peripheral  site  (18).  The  difference 
corresponded  to  about  a  5-fold  decrease  in  affinity  for  the 
ligands  in  the  ternary  complex  relative  to  the  affinities  of 
either  ligand  in  the  binary  complexes  with  the  free  enzyme. 
We  suggested  that  this  difference  might  reflect  an  electro¬ 
static  interaction  between  these  cationic  ligands  in  the  ternary 
complexes,  and  we  do  not  view  it  as  a  serious  challenge  to 
the  general  steric  blockade  model.  In  terms  of  Scheme  4  or 
5,  this  refinement  would  dictate  a  larger  value  of  k-sz/k-s 
than  of  ks2/ks  and  in  turn  require  thermodynamically  that  i 
be  greater  than  1 .  Increasing  i  to  4  gave  the  best  agreement 
of  the  simulated  and  the  observed  data  for  M7A  in  Figures 
3B  and  4.  Furthermore,  when  similar  changes  were  incor¬ 
porated  into  the  simulations  for  acetylthiocholine  with  eq  7 
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in  Figure  2B  and  the  simulated  data  were  then  fitted  with 
eq  6,  a  higher  was  obtained  without  propidium  than  with 
propidium.  This  appears  to  be  an  improvement,  because  a 
similar  divergence  in  Ks  values  was  seen  in  our  experimental 
fits  in  Figure  2B.  However,  these  simulations  for  acetylthio- 
choline  also  require  small  adjustments  in  other  assigned  rate 
constants,  and  we  have  not  attempted  to  find  a  self-consistent 
set  of  adjustments  that  would  retain  the  agreement  of  the 
simulations  to  the  observed  data  for  acetylthiocholine  in 
Figures  1,  2B,  3A,  and  4  noted  above. 

The  steric  blockade  model  in  Schemes  3  and  5  resolves  a 
long  controversy  over  the  mechanistic  interpretation  of 
substrate  inhibition  with  AChE.  The  controversy  involved 
two  alternative  mechanisms.  One  proposal  was  that  substrate 
inhibition  arises  from  S  binding  to  the  anionic  site  of 
acetylated  AChE  to  give  an  £AS  complex  in  which  deacyl¬ 
ation  is  blocked  (26,  35—37).  This  proposal  predicted  that 
the  substrate  inhibition  constant  Kss  fitted  by  the  Haldane 
equation  (eq  1)  will  depend  not  only  on  the  substrate  affinity 
in  EAS  but  also  on  the  relative  amount  of  EA.  It  was 
supported  by  observations  that  uncompetitive  inhibition 
constants  as  well  as  Kss  increased  for  substrates  with  a  lower 
kcat  (since  these  formed  less  EA).  Alternatively,  it  was 
proposed  that  substrate  inhibition  arises  from  binding  of  two 
molecules  of  S  in  an  ESS  complex  in  which  enzyme 
acetylation  is  blocked.  Either  the  two  S  molecules  could  bind 
in  the  acylation  site  (38),  or  one  S  could  bind  in  the  acylation 
site  and  one  in  the  peripheral  site  (39,  40).  This  proposal 
predicted  that  Kss  from  the  Haldane  equation  should  equal 
the  dissociation  constant  for  the  lower-affinity  S  site  in  the 
ESS  complex.  It  was  supported  when  values  for  Ks  of  15— 
25  mM  for  acetylcholine  or  acetylthiocholine  binding  to  the 
peripheral  site,  determined  by  competition  in  a  fluorescence 
titration  of  propidium  with  DFP-inactivated  AChE,  were  the 
same  as  the  corresponding  Kss  estimates  (40).  It  is  unclear 
why  these  Ks  estimates  are  so  much  higher  than  those  we 
have  determined  from  acetylthiocholine  inhibition  of  the 
association  reactions  of  ambenonium  (29)  or  fasciculin 
(Figure  2B)  with  the  peripheral  site.^  Our  steric  blockade 
model  combines  features  from  both  of  these  proposals  and 
extends  them  in  a  nonequilibrium  context.  The  complex 
responsible  for  inhibition  is  neither  EAS  nor  ESS  but  instead 
is  EPSp.  This  intermediate  accumulates  because  S  binding 
to  the  peripheral  site  blocks  the  dissociation  of  P,  a  feature 
that  agrees  with  the  contention  in  the  second  proposal  that 
substrate  bound  to  the  peripheral  site  is  responsible  for 
substrate  inhibition.  Furthermore,  for  a  series  of  substrates 
with  similar  Ks  and  k-f  values  but  varying  ki  values,  Ess 
will  increase  as  kcai  decreases.  Thus,  our  steric  blockade 
model  can  account  for  the  variations  in  Ess  which  originally 
led  to  the  first  proposal. 

Some  previous  reports  (5)  have  noted  that  measured  v 
values  at  high  S  concentrations  fall  above  the  overall 
substrate  inhibition  curve  fitted  to  the  Haldane  equation  (eq 
1).  Such  deviations  have  been  attributed  to  a  low  acetylation 


^  Preliminary  measurement  of  Es  for  Torpedo  AChE  gave  a  value 
of  about  0.5  rnM  with  techniques  identical  to  those  in  Figure  2  (T. 
Szegletes,  W.  D.  Mallender,  and  T.  L.  Rosenberry,  manuscript  in 
preparation),  indicating  that  the  higher  affinity  of  acetylthiocholine  for 
the  peripheral  site  reported  here  is  not  unique  to  human  AChE.  We 
suspect  that  the  lower  affinities  in  the  previous  reports  were  subject  to 
technical  limitations. 


activity  in  the  ESS  complex.  While  no  significant  deviations 
of  this  type  were  observed  over  the  range  of  S  concentrations 
investigated  in  our  experiments,  it  is  worth  noting  that  such 
deviations  can  be  accounted  for  within  our  steric  blockade 
model.  As  k-nik-p  increases  from  the  low  value  of  0.01 
assumed  in  Table  1,  simulated  values  of  v  at  high  S 
concentrations  fall  above  the  curve  predicted  by  the  Haldane 
equation  because  the  rate  of  product  dissociation  even  with 

5  bound  to  the  peripheral  site  makes  a  significant  contribution 
to  V. 

Our  observation  in  Figure  2B  that  acetylthiocholine  and 
fasciculin  were  only  partially  competitive  in  binding  to  the 
peripheral  site  was  unexpected.  From  our  analyses  with  eqs 

6  and  7,  kpp  for  fasciculin  binding  to  the  ESp  complex  was 
nearly  50%  of  the  kp  for  fasciculin  binding  to  the  free 
enzyme.  However,  these  equations  do  not  address  the 
stability  of  the  ESpFp  complex  in  which  both  acetylthiocho¬ 
line  and  fasciculin  are  bound  to  the  peripheral  site.  To  explore 
the  stability  of  this  complex,  we  considered  an  extension  of 
Schemes  4  and  5  in  which  a  set  of  20  complete  time  courses 
for  fasciculin  binding  in  the  presence  of  acetylthiocholine 
(e.g.,  like  those  in  Figure  2A)  were  fitted  with  the  SCoP 
program  (see  examples  involving  TMTFA  binding  in  ref  18). 
Only  rough  approximations  were  attempted  because  fasci¬ 
culin  exerts  a  conformational  effect  on  the  acylation  site  in 
addition  to  its  steric  blockade  (i.e.,  a  <  \  \  18,  22).  However, 
the  fitting  procedure  indicated  a  2—3  order  of  magnitude 
decrease  in  the  affinities  of  acetylthiocholine  and  fasciculin 
in  this  ESpFp  ternary  complex  relative  to  the  affinities  of 
either  ligand  in  the  binary  complexes  with  the  free  enzyme. 
To  rationalize  the  formation  of  this  ternary  complex,  we 
reviewed  the  kinetic  properties  of  previously  reported  AChE 
mutants  and  examined  the  crystal  structures  of  the  fasci- 
culin-AChE  complexes  (7,  8)  to  identify  a  potential  acetyl¬ 
thiocholine  binding  site  that  largely  overlaps  with  that  of 
propidium  but  only  slightly  overlaps  with  that  of  fasciculin. 
D72  is  a  residue  midway  along  the  active  site  gorge  that 
some  reports  have  included  in  the  peripheral  site,  and  its 
mutation  decreases  k^JK^  for  acetylthiocholine  about  50- 
fold  (5).  D72  appears  to  be  important  in  the  initial  binding 
of  TMTFA,  because  mutation  to  D72N  reduced  the  overall 
TMTFA  association  rate  constant  at  high  ionic  strengths  more 
than  20-fold  without  an  effect  on  the  corresponding  rate 
constant  for  the  neutral  analogue  of  TMTFA  (75).  D72  also 
was  shown  to  be  responsible  for  the  enhanced  reactivity  of 
cationic  organophosphates  relative  to  their  uncharged  coun¬ 
terparts  (41).  Since  D72  does  not  make  contact  with 
fasciculin  in  the  crystal  structures,  it  appears  to  be  possible 
that  acetylthiocholine  could  interact  with  D72  and  still  allow 
a  nearly  normal  association  rate  constant  for  the  binding  of 
fasciculin  to  the  remainder  of  the  peripheral  site  to  form  the 
ternary  complex.  Studies  with  D72  mutants  are  currently 
underway  to  examine  this  possibility. 

Our  discussion  of  the  steric  blockade  model  has  focused 
entirely  on  the  point  that  ligand  binding  to  the  peripheral 
site  can  have  an  inhibitory  effect  on  substrate  turnover  at 
the  acylation  site.  However,  inhibitor  binding  to  the  periph¬ 
eral  site  is  not  apparent  in  vivo  and  thus  is  not  suspected  to 
play  any  regulatory  role  under  physiological  conditions  of 
acetylcholine  hydrolysis  by  AChE.  Furthermore,  the  con¬ 
centrations  of  acetylcholine  itself  are  not  high  enough  to  give 
rise  to  any  significant  substrate  inhibition  during  synaptic 
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transmission  at  the  neuromuscular  junction  (42).  Therefore, 
it  is  important  to  note  that  our  model  indicates  a  key  role 
for  the  peripheral  site  under  physiological  conditions  in  which 
AChE  is  not  saturated  with  acetylcholine.  The  hydrolysis 
rate  v  under  these  conditions  is  proportional  to  the  second- 
order  rate  constant  kcJK^pj,  as  given  by  eq  9,  and  initial 
binding  of  the  substrate  to  the  peripheral  site  increases  this 
rate  constant  in  several  ways.  It  increases  ks  because  the 
peripheral  site  enlarges  the  enzyme  surface  and  increases 
the  frequency  of  productive  substrate  encounters;  it  decreases 
k-s  and  thus  allows  a  greater  proportion  of  substrate 
molecules  initially  associated  with  the  peripheral  site  to 
proceed  to  the  acylation  site,  and  it  may  well  accelerate  k\ 
by  optimally  positioning  substrate  to  diffuse  rapidly  into  the 
acylation  site. 

Most  previous  kinetic  analyses  of  AChE  have  employed 
equilibrium  interpretations  of  reaction  schemes  similar  to  that 
in  Scheme  1.  Under  what  conditions  do  the  conclusions  from 
these  analyses  remain  valid?  We  offer  three  guidelines.  (1) 
If  the  intent  is  only  to  obtain  an  estimate  of  an  inhibition 
constant  Ki,  an  equilibrium  analysis  of  Scheme  1  will  provide 
an  accurate  estimate  of  the  thermodynamic  affinity  of  an 
Inhibitor  for  either  the  acylation  site  or  the  peripheral  site  in 
free  AChE  (18).  (2)  If  a  substrate  under  investigation 
essentially  equilibrates  with  AChE  during  reaction,  an 
equilibrium  analysis  of  Scheme  1  can  be  applied.  Many 
slowly  reacting  substrates  such  as  organophosphates  (43)  fall 
into  this  category.  (3)  If,  however,  one  is  investigating  ligand 
binding  to  the  peripheral  site  with  substrates  that  do  not 
equilibrate  with  AChE,  kinetic  parameters  can  be  misinter¬ 


preted  with  an  equilibrium  analysis.  In  particular,  /Tapp  and 
Kss  (eq  1)  will  not  reflect  equilibrium  values,  and  a  and  b 
(Scheme  1)  will  not  be  relative  acylation  and  deacylation 
rate  constants. 

APPENDIX 

Scheme  4  is  an  extension  of  Scheme  2  in  which  all 
complexes  involving  bound  peripheral  site  inhibitor  (I)  are 
included.  Our  steric  blockade  model  postulates  that  peripheral 
site  binding  is  unaffected  by  acylation  site  ligands  (i.e.,  i  = 
1  and  the  same  association  rate  constant  ki  and  the  same 
dissociation  rate  constant  k-i  characterize  I  binding  in  the 
Elp,  ESIp,  EAPIp,  EAIp,  and  EPIp  complexes)  and  that  bound 
peripheral  site  ligand  has  no  effect  on  acylation  and  deacyl¬ 
ation  rate  constants  (i.e.,  a  =  b=  1).  Our  current  treatment 
of  Scheme  5  also  assumes  for  simplicity  that  product  P  bound 
to  the  acylation  site  does  not  alter  the  rate  constant  for 
deacetylation  (c  =  e  =  1)  and  that  P  dissociation  rate 
constants  for  dissociation  from  the  acetylated  enzyme  are 
identical  to  those  from  free  enzyme  (d  =  f  =  1).  These 
assumptions  may  require  future  refinement  in  view  of 
reported  interactions  between  ligands  and  acyl  groups  at  the 
acylation  site  (25,  44).  The  important  feature  of  the  steric 
blockade  model  here  is  that  jtsa/^s  =  k-sJk-s  <  1  and  that 
k-p-Jk-f  <  1. 

In  Scheme  3,  we  proposed  a  more  detailed  model  of  AChE 
catalysis  in  which  the  first  step  involved  the  formation  of 
an  ESp  complex  at  the  peripheral  site.  Scheme  5  is  an 
extension  of  Scheme  3  in  which  all  other  complexes 
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involving  bound  peripheral  site  substrate  are  ineluded.  As 
in  Scheme  4,  our  steric  blockade  model  postulates  that  a  = 
b  =  i  =  1  and  that  ks^/ks  =  k-s2/k-s  ^  1  and  k-yjk-f  <  1, 
and  again  for  simplicity,  we  assume  that  c  =  d  —  e  =  f  = 

I.  When  both  S  and  I  are  present  and  compete  for  binding 
to  the  peripheral  site  (i.e.,  no  enzyme  species  involving  Spip 
can  form,  such  as  ESpIp),  then  the  five  enzyme  species 
involving  Ip  in  Scheme  4  (£Ip,  ESIp,  EAPIp,  £AIp,  and  £PIp) 
must  be  added  to  Scheme  5  to  describe  the  complete  system. 
While  we  do  not  show  the  scheme  corresponding  to  this 
system,  in  eqs  6  and  7  we  define  the  following  combinations 
of  enzyme  species:  XESp  =  [£Sp]  +  [ESSp]  +  [EAPSp]  + 
[EASp]  +  [£PSp],  iHp  =  [£Ip]  +  [£SIp]  +  [EAPIp]  + 
[EAIp]  +  [£PIp],  and  I£Xa  =  [£S]  +  [EAP]  +  [£P]. 
Furthermore,  in  the  text  description  of  eq  6,  'ZE  =  [£]  + 
[£A]  +  E£Xa-  When  acetylthiocholine  (S)  and  M7A  (T) 
are  substrates  simultaneously,  17  liganded  species  from 
Scheme  5  for  the  substrates  must  be  considered  (EA  is 
common  to  both  substrates)  as  well  as  six  additional  species 
representing  mixed  complexes  (e.g.,  £STp).  New  rate  con¬ 
stants  also  are  introduced  by  these  mixed  complexes  (e.g., 
I'sT^-T  is  the  rate  constant  for  dissociation  of  T  from  £STp). 
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Stmictural  analysis  of  acetylcholinesterase  (AChE) 
has  revealed  two  sites  of  ligand  interaction  in  the  active 
site  gorge:  an  acylation  site  at  the  hase  of  the  gorge  and 
a  peripheral  site  at  its  mouth.  A  goal  of  our  studies  is  to 
understand  how  ligand  binding  to  the  peripheral  site 
alters  the  reactivity  of  substrates  and  organophos- 
phates  at  the  acylation  site.  Kinetic  rate  constants  were 
determined  for  the  phosphorylation  of  AChE  by  two 
fluorogenic  organophosphates,  7-[(diethoxyphosphoryl)- 
oxyj-l-methylquinoUnlum  iodide  (DEPQ)  and  7-[(methyl- 
ethoxyphosphonyl)oxy]-4-methylcoumarin  (EMPC),  by 
monitoring  release  of  the  fluorescent  leaving  group. 
Rate  constants  obtained  with  human  erythrocyte  AChE 
were  in  good  agreement  with  those  obtained  for  recom¬ 
binant  hiunan  AChE  produced  from  a  high  level  Dro¬ 
sophila  S2  cell  expression  system.  First-order  rate  con¬ 
stants  Hqp  were  1,600  ±  300  min"‘  for  DEPQ  and  150  ±  11 
min”*  for  EMPC,  and  second-order  rate  constants 
Hop/Kqp  were  193  ±  13  /xm"*  min“*  for  DEPQ  and  0.7- 
1.0  ±  0.1  pM”*  min”*  for  EMPC.  Binding  of  the  small 
ligand  propiditun  to  the  AChE  peripheral  site  decreased 
UqpIKqp  by  factors  of  2-20  for  these  organophosphates. 
Such  modest  inhibitory  effects  are  consistent  with  our 
recently  proposed  steric  blockade  model  (Szegletes,  T., 
Mallender,  W.  D.,  and  Rosenberry,  T.  L.  (1998)  Biochem¬ 
istry  37, 4206-4216).  Moreover,  the  binding  of  propidium 
residted  in  a  clear  increase  in  Acgp  for  EMPC,  suggesting 
that  molecular  or  electronic  strain  caused  by  the  prox¬ 
imity  of  propidium  to  EMPC  in  the  ternary  complex  may 
promote  phosphorylation.  In  contrast,  the  binding  of  the 
polypeptide  neurotoxin  fasciculin  to  the  peripheral  site 
of  AChE  dramatically  decreased  phosphorylation  rate 
constants.  Values  of  kop/Kop  were  decreased  by  factors  of 
10®  to  10®,  and  k^p  was  decreased  by  factors  of 300-4,000. 
Such  pronounced  inhibition  suggested  a  conformational 
change  in  the  acylation  site  induced  by  fasciculin  bind¬ 
ing.  As  a  note  of  caution  to  other  investigators,  measure¬ 
ments  of  phosphorylation  of  the  fasciculin-AChE  com¬ 
plex  by  AChE  inactivation  gave  misleading  rate 
constants  because  a  small  fraction  of  the  AChE  was  re¬ 
sistant  to  inhibition  by  fasciculin. 
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Acetylcholinesterase  (AChE)*  terminates  neurotransmission 
by  catalyzing  hydrolysis  of  the  neurotransmitter  acetylcholine 
at  rates  near  that  of  a  diffusion-controlled  process  (1).  The 
x-ray  crystal  structure  of  AChE  reveals  that  despite  the  im¬ 
pressive  turnover  rate  of  the  enzyme,  substrate  molecules  must 
penetrate  20  A  into  a  deep  active  site  gorge  to  be  hydrolyzed 
(2-4).  This  gorge  contains  two  sites  of  ligand  interaction;  a 
peripheral  site  at  the  surface  of  the  enzyme  and  an  acylation 
site  at  the  base  of  the  gorge  where  the  substrate  acyl  group  is 
first  transferred  to  residue  Ser®®“  {Torpedo  californica  AChE 
sequence  numbering)  and  then  hydrolyzed.  In  the  acylation 
site,  a  catalytic  triad  consisting  of  residues  Ser®®®,  His'*^®,  and 
Glu®®’  promotes  the  acyl  transfers,  and  Trp®^  binds  the  acetyl¬ 
choline  trimethylammonium  group,  positioning  the  substrate 
for  hydrolysis.  Certain  ligands  can  bind  selectively  to  either  the 
acylation  site  or  the  peripheral  site,  and  ternary  complexes  can 
be  formed  in  which  ligands  are  bound  to  both  sites  simulta¬ 
neously  (5,  6).  Ligands  specific  for  the  peripheral  site  include 
the  small  aromatic  compound  propidium  and  the  snake 
venom  neurotoxin  fasciculin,  both  of  which  are  potent  inhib¬ 
itors  of  the  hydrolysis  of  the  chromogenic  acetylcholine  analog, 
acetylthiocholine. 

The  AChE  peripheral  site  is  an  attractive  target  for  the 
design  of  new  classes  of  therapeutic  agents,  so  it  is  important  to 
understand  how  ligand  binding  to  the  peripheral  site  affects 
substrate  hydrolysis.  We  recently  provided  evidence  for  a  steric 
blockade  model  which  proposes  that  small  peripheral  site  li¬ 
gands  like  propidium  inhibit  substrate  hydrolysis  by  decreas¬ 
ing  the  association  and  dissociation  rate  constants  for  an  acy¬ 
lation  site  ligand  without  significantly  altering  their  ratio,  the 
ligand  equilibrium  constant  (7,  8).  Cationic  substrates  like 
acetylthiocholine  also  were  shown  to  bind  to  the  peripheral  site 
as  the  first  step  in  their  catalytic  pathway,  and  steric  blockade 
arising  from  this  substrate  binding  accounted  for  the  well 
known  phenomenon  of  substrate  inhibition  for  AChE  at  very 
high  concentrations  of  substrate  (8).  A  key  feature  of  the  steric 
blockade  model  is  that  ligand  binding  to  the  peripheral  site 
results  in  significant  inhibition  only  if  substrate  fails  to  reach 
equilibrium  binding  prior  to  reaction  at  the  acylation  site. 
Substrates  that  are  thought  to  form  equilibrium  complexes  at 
the  acylation  site  can  be  examined  to  test  this  prediction. 
Among  these  substrates  are  the  organophosphates  (OPs),  a 
class  of  compounds  that  inactivate  cholinesterases  because 
they  are  poor  substrates  (9-11).  OPs  readily  phosphorylate  the 
active  site  serine  of  AChE,  but  very  slow  hydrolysis  of  this 


*  The  abbreviations  used  are:  AChE,  acetylcholinesterase;  DTNB, 
5,5'-dithiobis-(2-nitrobenzoic  acid);  OP,  organophosphate;  EMPC, 
7-[(methylethoxyphosphonyl)oxy]-4-methylcoumarin;  7HMC,  7-hy- 
droxy-4-methylcoumarin;  DEPQ,  7-[(diethoxjq)hosphoryl)oxy]-l-meth- 
ylquinolinium  iodide;  7HMQ,  7-hydroxy-l-methylquinolinium  iodide; 
TMTFA,  m-(JV,Ar,iV-trimethylammonio)trifluoroacetophenone. 


This  paper  is  available  on  line  at  http://www.jbc.org 
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DEPQ  EMPC 


7HMQ  7HMC 


Fig.  1.  Chemical  structures  of  OPs  and  their  fluorescent  hy¬ 
drolysis  products  in  these  studies. 

phosphoryl  enz5rme  results  in  essentially  irreversible  inactiva¬ 
tion  of  the  enz3nne  (12).  In  this  paper  we  examine  the  effects  of 
ligand  binding  to  the  peripheral  site  on  OP  phosphorylation  of 
AChE  in  the  context  of  the  steric  blockade  model.  Rate  con¬ 
stants  of  phosphorylation  are  measured  in  two  ways.  The  clas¬ 
sical  method  involves  periodic  measurements  of  AChE  activity 
toward  substrates  as  the  enzyme  becomes  inactivated.  The 
second  method  involves  continuous  assay  of  the  phosphoryla¬ 
tion  reactions  either  with  mixtures  of  acetic  acid  ester  sub¬ 
strates  and  OPs  (13,  14)  or  by  monitoring  loss  of  a  fluorogenic 
OP  leaving  group  (15,  16).  This  method  can  be  adapted  to 
stopped-flow  kinetic  techniques  to  allow  determination  of  both 
first-  and  second-order  phosphorylation  rate  constants  (13, 14). 
Here  we  monitor  the  reactions  of  two  fluorogenic  OPs,  EMPC 
and  DEPQ  (Fig.  1),  with  erythroc5d;e  and  recombinant  human 
AChE.  Phosphorylation  rate  constants  obtained  directly  by 
fluorescence  measurement  of  their  AChE-mediated  hydrolysis 
products  7HMC  and  7HMQ,  respectively  (Fig.  1),  are  compared 
with  those  obtained  by  enzyme  inactivation. 

EXPERIMENTAL  PROCEDURES 

Materials — Human  erythrocyte  AChE  was  purified  as  outlined  pre¬ 
viously,  and  active  site  concentrations  were  determined  by  assuming 
410  units/nmol  (17, 18).“  DEPQ  (15, 19)  and  EMPC  were  synthesized  by 
established  procedures  (see  Ref.  16).  [(Methylethox3rphosphonyl)oxy]- 
chloride  was  reacted  with  7HMC  (Molecular  Probes,  Inc.)  to  give  EMPC, 
and  [(diethoxyphosphoryl)oxy]  chloride  was  linked  to  7-hydroxyquino- 
line  (Acros  Organics)  and  quaternized  by  methylation  to  form  DEPQ. 
Structures  were  confirmed  by  *H  NMR  and  “'P  NMR,  and  stock  con¬ 
centrations  were  determined  by  absorbance  (tajo  „„  =  11.0  mM“*  cm“* 
for  EMPC,  and  tgi,  =  8.3  mM“'  cm"“  for  DEPQ).  Fasciculin  was  the 
fasciculin  2  form  obtained  from  Dr.  Carlos  Cervenansky  at  the  Institute 
de  Investigaciones  Biologicas,  Clemente  Estable,  Montevideo,  Uraguay 
(6).  Propidium  iodide  was  purchased  from  Calhiochem. 

Recombinant  Human  AChE — The  full-length  cDNA  for  human  G4 
AChE  was  obtained  from  Dr.  Avigdor  Shafferman  in  the  vector 
pACHElO  (20).  To  obtain  a  secreted  dimeric  form  of  human  AChE,  a 
96-base  pair  truncation  sequence  including  a  stop  codon  was  synthe¬ 
sized  and  inserted  just  downstream  from  the  exon  4/5  boundary  (see 
Ref  21).  Insertion  of  the  modified  exon  4/5  sequence  (corresponding  to 
^'‘■‘ASEAPSTC-DGDSS-stop,  human  AChE  sequence  numbering)  re¬ 
sulted  in  a  partial  duplication  of  the  3'-end  of  the  exon  4  region  of  the 
gene.  To  remove  this  duplicated  segment,  the  Notl-Nhe\  3'-  segment  of 
the  gene  was  cloned  into  ATotl-A/iel-digested  pCIneo  (Promega  Corp.). 
This  construct,  pCIneo3'-AChE,  contained  an  Espl  site  in  both  the 
original  and  modified  sections  of  exon  4.  The  unwanted  duplicated  gene 
segment  was  removed  by  digestion  with  Espl  followed  by  cloning  of  the 
resolved  Notl-Nhel  fragment  hack  into  the  AChE  gene  cassette.  The 
final  gene  construct  was  confirmed  by  DNA  sequencing  carried  out  at 

“  One  unit  corresponds  to  1  pmol  of  acetylthiocholine  hydrolyzed/min 
under  standard  pH-stat  assay  conditions  (3.67  AA412  ,„„/min  in  our 
standard  spectrophotometric  assay  (17)). 


the  Mayo  Clinic  Rochester  Molecular  Biology  Core  Facility.  The  modi¬ 
fied  human  AChE  cDNA  was  moved  into  the  pPac  vector  for  transfec¬ 
tion  into  and  expression  from  Drosophila  S2  cells  in  tissue  culture  (21). 
S2  cells  were  maintained  in  Schneider’s  Drosophila  medium  (Life  Tech¬ 
nologies,  Inc.)  with  10%  fetal  bovine  serum  and  appropriate  antibiotics 
at  28  °C.  S2  cells  were  cotransfected  with  pPac  carrying  the  hygromycin 
phosphotransferase  gene  for  selection  of  cells  with  hygromycin  B.  After 
selection  with  0.2  mg/ml  hygromycin  B,  monoclonal  cell  lines  were 
isolated  from  colonies  formed  using  a  modified  soft  agar  cloning  protocol 
(21).  Briefly,  10^  to  10®  selected  cells  were  suspended  in  complete 
medium  with  0.3%  low  melting  temperature  agarose.  This  mixture  was 
plated  onto  a  base  layer  of  solidified  1.5%  low  melting  temperature 
agarose  (in  complete  medium  with  0.15  M  NaCl)  in  12-well  tissue 
culture  plates.  After  cell/medium  layer  solidification,  a  layer  of  com¬ 
plete  medium  was  placed  on  top  of  the  agarose.  Colonies  (>2  mm)  were 
picked  and  grown  in  24-well  plates  until  confluence.  At  this  point  clones 
were  assayed  for  AChE  activity,  and  lines  with  high  activity  were  kept 
for  large  scale  culturing  and  long  term  propagation.  AChE  was  purified 
from  culture  medium  by  two  cycles  of  affinity  chromatography  on  acri- 
dinium  resin  (17).  Purified  recombinant  AChE  samples  analyzed  by 
SDS-polyacrylamide  gel  electrophoresis  (22)  showed  no  contaminants. 
In  the  absence  of  disulfide  reducing  agents,  a  prominent  band  of  140- 
kDa  dimer  and  a  minor  band  of  70-kDa  monomer  were  apparent, 
whereas  in  the  presence  of  reducing  agents  a  single  70-kDa  band  was 
observed.  Comparison  of  the  recombinant  AChE  with  purified  human 
erythrocyte  AChE  showed  no  differences  in  or  Egg  for  acetyl¬ 

thiocholine  hydrolysis  (8),  in  Ej  for  propidium  inhibition,  in  the 
fasciculin  association  rate  constant  (8),  or  in  phosphorylation  rate  con¬ 
stants  (see  Table  I  below). 

AChE  Phosphorylation  Determined  with  Fluorogenic  OPs — Direct 
reaction  of  AChE  with  EMPC  or  DEPQ  was  followed  by  formation  of 
their  respective  fluorescent  leaving  groups  7HMC  or  7HMQ  on  a  Per- 
kin-Elmer  LS-50B  luminescence  spectrometer  in  20  mM  sodium  phos¬ 
phate  buffer  and  0.02%  'Triton  X-100  at  23  °C.  Because  these  groups  are 
fluorescent  only  when  their  7-OH  substituents  are  deprotonated 
(7HMC,  pE„  =  7.8  (catalog  from  Molecular  Probes,  Inc.);  7HMQ,  pE„  = 
5.9  (23)),  measurements  were  conducted  at  pH  8.0  for  EMPC  and  pH  7.0 
for  DEPQ.  Ratios  of  OP  to  AChE  concentrations  were  adjusted  to  at 
least  20  for  EMPC  and  9  for  DEPQ  in  all  cases  to  prevent  significant 
depletion  of  OP  during  the  course  of  the  reaction.  Formation  of  7HMC 
(*360  mn  ~  19  0  mM"'  cm"*  at  pH  9.0;  catalog  of  Molecular  Probes,  Inc.) 
was  monitored  with  excitation  at  360  nm  and  emission  at  450  nm,  and 
7HMQ  formation  was  monitored  with  excitation  at  400  nm  and  emis¬ 
sion  at  500  nm  (for  7HMQ,  €405  =  10.0  mM"*  cm"*  at  pH  9.0).  For 

reactions  that  were  completed  in  less  than  1  min,  a  Hi-Tech  SFA  20 
stopped-flow  apparatus  was  used  to  mix  equal  volumes  (300  p.1)  of 
AChE  (or  AChE  with  inhibitor)  and  OP  solutions  rapidly,  and  fluores¬ 
cence  was  recorded  at  fixed  intervals  as  short  as  20  ms.  Formation  of 
7HMC  or  7HMQ  did  not  follow  a  simple  exponential  time  course. 
Nonenzymatic  hydrolysis  of  EMPC  under  all  conditions  and  of  DEPQ  in 
the  presence  of  propidium  or  fasciculin  as  inhibitors  was  significant, 
and  under  these  conditions  data  were  fitted  by  nonlinear  regression 
analysis  (Fig.  P  version  6.0,  BioSoft,  Inc.)  to  Equation  1. 

f  =  fimm  +  Affl  -  e"“)  +  Ct  (Eq.  1) 

In  Equation  1,  is  the  fluorescence  at  time  zero,  Af  is  the  fluores¬ 
cence  change  corresponding  to  an  amount  of  fluorescent  product  equal 
to  the  AChE  concentration  (23),  C  is  the  nonenzymatic  hydrolysis  rate, 
and  k  is  the  rate  constant  for  the  approach  to  the  steady-state  level  of 
phosphorylation.  With  DEPQ  in  the  absence  of  inhibitors  the  release  of 
7HMQ  occurred  in  two  phases,  a  large  rapid  phase  and  a  small  slower 
phase  (see  “Results”)  for  both  erythrocyte  and  recombinant  AChE. 
These  data  were  fitted  to  Equation  2,  where  Af^  and  were  the 
respective  amplitude  and  the  rate  constant  for  the  slower  phase,  and 
the  other  parameters  were  as  defined  in  Equation  1. 

f  =  /’iniu.i  +  m  -  C"“)  +  -  *"*^')  (Eq.  2) 

The  rate  constants  k  were  analyzed  according  to  the  catalytic  path¬ 
way  in  Scheme  1.  In  this  Scheme,  OPX  is  the  intact  OP  with  leaving 
group  X;  EOPX  is  the  initial  complex  of  the  OP  with  AChE,  character¬ 
ized  by  the  equilibrium  dissociation  constant  Eg  =  A_g/Ag;  and  EOP  is 
the  phosphorylated  enzyme.  The  inhibitor  I  can  bind  to  the  peripheral 
site  in  each  of  the  enzyme  species  (as  denoted  by  the  subscript  P).  This 
scheme  is  identical  to  a  general  pathway  for  substrate  hydrolysis  by 
AChE  considered  elsewhere  (7).  Kinetic  analysis  of  this  scheme  was 
simplified  here  in  two  ways.  First,  dephosphorylation  rate  constants 
in  Scheme  1),  which  appeared  consistent  with  a  value  of  2-4  X  10"'* 
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min“'  reported  previously  for  diethoxyphoaphorylated  eel  AChE  (24, 
15;  data  not  shown),  were  assumed  to  be  negligible  in  all  our  experi¬ 
ments.  Second,  OPs  were  assumed  to  equilibrate  with  the  AChE  acyla¬ 
tion  site  even  when  inhibitors  were  bound  to  the  peripheral  site.  This 
assumption  was  supported  by  nonequilibrium  kinetic  simulations  with 
the  program  SCoP,  as  noted  rmder  “Results,”^  and  it  obviated  the  need 
for  more  complex  mechanistic  schemes  that  apply  to  substrates  that  do 
not  equilibrate  with  AChE  (8).  With  these  assumptions,  the  dependence 
of  k  evaluated  from  either  Equation  1  or  Equation  2  on  the  OP  concen¬ 
tration  was  analyzed  by  weighted  nonlinear  regression  analysis  (as¬ 
suming  constant  percent  error  in  k)  according  to  Equation  3  to  give  k^p 
and  Aop/Kopi  tli®  respective  first-  and  second-order  rate  constants  of 
phosphorylation. 


Aop[OP] 

A-op-t[OP] 


(Eq.  3) 


These  rate  constants  are  related  to  the  intrinsic  rate  constants  in 
Scheme  1  as  shown  Equations  4  and  5. 


kop  - 


^op 

^OP 


(Eq.  4) 


(Eq.  5) 


In  the  absence  of  I,  Atop  =  ^2  ^op  ^s- 1''  th®  presence  of  I,  Kqp  is 
given  by  Equation  6. 


Assays  with  the  peripheral  site  inhibitors  propidium  (30  pM)  or  fasci- 
culin  (0.5-10  pM)  were  conducted  at  inhibitor  concentrations  at  least  30 
times  their  respective  values  to  ensure  that  most  of  the  AChE  was 
complexed  with  inhibitor.  Values  otKi  were  taken  as  1.0  ±  0.1  p.M  for 
propidium  (7),  11  ±  0.2  pM  for  fasciculin  (6),  and  100  pM  for  fasciculin  in 
the  presence  of  DTNB  and  acetylthiocholine  in  the  standard  assay  (6, 
8).  Measurements  that  included  fasciculin  were  modified  in  several 
ways.  First,  the  enzyme  was  incubated  with  fasciculin  for  5-10  min  to 
generate  equilibrated  complex  before  the  addition  of  OP.  Second,  the 
reaction  buffer  with  EMPC  was  adjusted  to  pH  7.0  to  reduce  nonenzy- 


®  To  ensure  that  EMPC  and  DEPQ  were  close  enough  to  equilibrium 
with  AChE  in  the  presence  of  30  pM  propidium  or  0.5-10  pM  fasciculin 
to  justify  application  of  Equations  4-6,  we  applied  the  SCoP  simulation 
program  (7)  to  Scheme  1  with  the  following  rate  constant  assignments: 
As  =  1  X  10’  M“*  s“'  for  EMPC  and  2  X  10®  M"'  s"'  for  DEPQ,  values 
similar  to  those  assigned  previously  for  neutral  and  cationic  acetic  acid 
ester  substrates  (7);  Aj  =  Ag,  =  2  x  10®  M“' s”*  for  propidium  (7);  Aj  = 
Asi  =  3  X  10^  M"*  s"'  for  fasciculin  with  free  AChE,  and  Aj  =  Agj  =  1  X 
10’  M“'  s"’  for  fasciculin  with  AChE  in  the  presence  of  DTNB  and 
acetylthiocholine  (6);  A3  =  5  x  10"®  s"^;  A_s,  A_,,  Aj,  and  a  from  Table 
I  and  “Experimental  Procedures”  (with  k_x-  *-si  ^si  fro™ 

Equation  6;  and  A_g2  =  Agj  Ks  Ksj/Kp  Simulated  values  of  k^p  and 
Aop/ifop  were  then  compared  for  complete  equilibrium  (ksJkg  =  1)  and 
pronounced  steric  blockade  {ksJkg  =  0.00001)  and  found  to  differ  by  less 
than  10%,  justifying  the  equilibrium  assumption. 


matic  hydrolysis  of  the  OP.  Finally,  a  four-cell  cuvette  changer  was 
employed  (except  where  noted)  for  reaction  times  as  long  as  4  h.  This 
device  minimized  fluorophore  photobleaching  because  the  sample  was 
cycled  in  and  out  of  the  light  path.  Each  reaction  was  measured  in 
parallel  with  cuvettes  corresponding  to  an  air  blank  and  a  nonenzy- 
matic  hydrolysis  control  devoid  of  AChE. 

AChE  Phosphorylation  Determined  by  OP  Inactivation  of  AChE- 
catalyzed  Substrate  Hydrolysis — AChE  activity  was  monitored  by  a 
modified  acetylthiocholine  assay  (25).  Standard  assays  were  conducted 
in  3.0  ml  of  20  mM  sodium  phosphate,  0.02%  Triton  X-100,  0.33  mM 
DTNB,  and  0.5  mM  acetylthiocholine  (pH  7.0)  at  25  °C.  Enzyme  hydrol¬ 
ysis  was  monitored  by  formation  of  the  thiolate  dianion  of  DTNB  at  412 
nm  (AC412  ^  =  14.15  mM“*  cm"’  (26))  for  1-5  min  on  a  Varian  Cary  3A 
spectrophotometer.'*  The  inactivation  of  AChE  by  an  OP  was  initiated 
by  mixing  AChE  and  OP  at  23  °C  in  20  mM  phosphate  buffer  and  0.02% 
Triton  X-100  (pH  =  7.0).  At  various  times  a  1.0-ml  aliquot  was  removed 
to  a  cuvette,  40  pi  of  acetylthiocholine  and  DTNB  were  added  to  final 
concentrations  of  0.5  mM  and  0.33  mM,  respectively,  and  a  continuous 
assay  trace  was  recorded  immediately  at  412  nm.  Background  hydrol¬ 
ysis  rates  in  the  absence  of  AChE  were  subtracted.  To  assess  the  effects 
of  peripheral  site  inhibitors  on  OP  inactivation  rates,  propidium  (30  pM) 
or  fasciculin  (50-250  nM)  was  incubated  with  AChE  for  at  least  10-30 
min  prior  to  the  addition  of  the  OP.  In  some  cases,  DEPQ  was  also 
added  (to  10-60  nM)  for  60-120  min  after  incubation  of  fasciculin  with 
AChE  to  eliminate  a  minor  population  of  AChE  which  was  refractory  to 
normal  fasciculin  inhibition  (see  “Results”).  Titrations  of  AChE  activity 
with  substoichiometric  amounts  of  DEPQ  were  conducted  by  proce¬ 
dures  similar  to  those  in  other  inactivation  measurements  except  that 
initial  incubation  mixtures  contained  higher  concentrations  of  AChE 
(28-260  nM)  and  fasciculin  (0-2  pM)  and  that  after  90-120  min  small 
aliquots  of  the  mixtures  (15-20  pi)  were  diluted  into  the  standard 
acetylthiocholine  assay  solution. 

OP  inactivation  reactions  were  measured  under  pseudo  first-order 
conditions  in  which  the  ratio  of  OP  to  AChE  concentrations  was  ad¬ 
justed  to  at  least  5.  Assay  rates  v  during  inactivation  were  divided  by 
the  control  assay  rate  in  the  absence  of  OP  to  give  a  normalized  value 
0(N),  and  these  values  were  fitted  by  nonlinear  regression  analysis  (Fig. 
P)  to  Equation  7,  where  and  o,j4)r,nai  are  the  calculated  values  of 

0,(4)  at  time  zero  and  in  the  final  steady  state,  respectively. 

l'(N)  =  l'(N)nnal  +  (O(N)inlUnl  ~  I'(N)rmal)6"*'  (Eq.  7) 

OP  concentrations  also  were  sufficiently  low  that  the  observed  inacti¬ 
vation  rate  constant  A  was  proportional  to  [OP].  The  second-order  rate 
constant  for  inactivation  Aop/ATop  was  fitted  by  weighted  linear  regres¬ 
sion  analysis  of  the  relationship  A  =  (Aop/KopllOP]  (see  Equation  3), 
assuming  a  constant  percent  error  in  A. 

RESULTS 

Direct  Fluorometric  Measurement  of  AChE  Phosphorylation 
by  OPs  in  the  Presence  and  Absence  of  Peripheral  Site  Li¬ 
gands — The  rapid  reactions  of  EMPC  and  DEPQ  with  AChE 
require  the  use  of  stopped-flow  methods  if  both  first-  and  sec¬ 
ond-order  phosphorylation  rate  constants  are  to  be  measured. 
Fig.  2A  illustrates  the  measurement  of  an  individual  k  value  for 
the  reaction  of  DEPQ  with  AChE.  The  release  of  the  fluorescent 
product  7HMQ  occurred  largely  with  a  single  rapid  exponential 
time  course,  but  a  slower  phase  corresponding  to  about  10%  of 
the  overall  reaction  also  was  apparent.  The  amplitude,  or 
amount  of  product  released,  in  the  predominant  faster  reaction 
phase  equaled  the  AChE  concentration  (Equations  1  and  2)  and 
thus  corresponded  to  a  fluorescence  titration  of  the  enzyme 
normality  which  reacted  rapidly  with  DEPQ  (15,  23).  Fitted  k 
values  for  the  rapid  phase  were  analyzed  according  to  Equation 
3  (Fig.  2B)  to  obtain  the  first-order  phosphorylation  rate  con¬ 
stant  Aqp  and  the  second-order  rate  constant  Aop/Kop-  A  sec¬ 
ond,  slower  phase  was  not  apparent  in  reactions  of  EMPC  with 
AChE  or  in  reactions  of  either  OP  in  the  presence  of  the  pe- 


*  Enzyme  activities  were  standardized  to  0.1  AA412  ,u„/min  by  apply¬ 
ing  the  observed  relationship  v^td  =  0.1(o/0.1)’®,  where  v  was  the 
measured  activity,  0,^4  was  the  standardized  activity,  and  r  =  0.95.  R 
was  the  slope  of  a  plot  of  log  measured  activity  versus  log  enzyme 
concentration  over  a  200-fold  range  of  enzyme  dilution. 
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Fig.  2.  Reaction  of  DEPQ  with  recombinant  AChE.  Panel  A, 
equal  volumes  of  DEPQ  and  AChE  were  mixed  rapidly  with  the 
Btopped-flow  accessory  to  final  concentrations  of  2  ijM  and  100  nM, 
respectively,  and  generation  of  7HMQ  was  monitored  by  spectroflu- 
orometry  as  outlined  under  “Experimental  Procedures.”  Prior  to  the 
reaction,  the  stopped-flow  cuvette  was  washed  extensively  with  the 
DEPQ  stock  solution  alone;  fluorescence  in  this  wash  solution  results 
from  about  5%  contamination  of  the  stock  DEPQ  with  7HMQ.  In  this 
recording,  data  collection  on  the  spectrometer  was  triggered  manually 
at  time  zero,  and  mixing  was  initiated  at  1.6  s.  Points  observed  for  the 
reaction  from  1.7  to  19  s  (O  and  dotted  line)  were  fitted  to  Equation  2 
(solid  line),  with  approximately  90%  of  the  reaction  amplitude  corre¬ 
sponding  to  a  reaction  rate  constant  of  356  ±  13  min"'  and  10%  to  a 
rate  constant  of  24  ±  2  min"’.  Fluorescence  units  were  converted  to 
7HMQ  product  formed  (nM)  by  comparison  with  a  7HMQ  standard 
solution.  Panel  B,  rate  constants  for  the  faster  phase  of  the  reaction  of 
DEPQ  with  AChE  obtained  as  in  panel  A  were  plotted  against  the 
DEPQ  concentration  according  to  Equation  3  to  obtain  first-  and  sec¬ 
ond-order  rate  constants  of  1,600  ±  200  min"’  and  205  ±  11  /u.M"’ 
min"’,  respectively  (Table  I). 

ripheral  site  inhibitors  propidium  or  fasciculin.  These  reaction 
time  courses,  however,  were  superimposed  upon  significant 
nonenzymatic  OP  hydrolysis  rates  that  were  incorporated  into 
the  curve  fitting  of  the  k  values.  Estimates  of  Aqp  ^op^^op 
were  obtained  from  these  k  values  by  Euialyses  similar  to  that 
in  Fig.  2B  (Table  I).  Purified  recombinant  human  AChE  ex¬ 
pressed  in  Drosophila  S2  cells  gave  rate  constants  for  both  OPs 
and  relative  amplitudes  for  DEPQ  which  were  in  good  agree¬ 
ment  with  those  for  purified  human  eiythrocyde  AChE.  Fur¬ 
thermore,  our  Hqp/Kqp  value  for  DEPQ  (1. 9-2.1  X  10®  m"^ 
min"’)  agreed  with  previous  estimates  of  this  second-order 
phosphorylation  rate  constant  determined  by  inactivation  of 
eel  AChE  (15,  27;  see  below  and  Table  I).  No  previous  estimates 
of  Hqp  for  either  DEPQ  or  EMPC  or  of  Hqp/Kqp  for  EMPC  have 
been  reported.  We  observe  that  kQpIKQp  is  about  200-300 
times  larger  for  DEPQ  than  for  EMPC  and  that  ^qp  is  about  10 
times  larger  for  DEPQ  than  for  EMPC.  These  differences  are 
consistent  with  previous  expectations  that  the  cationic  nature 
of  DEPQ  and  the  lower  of  its  leaving  group  relative  to 
neutral  EMPC  should  result  in  higher  rates  of  AChE  phospho¬ 
rylation  (14,  27,  28). 

The  effects  of  the  small  peripheral  site  ligand  propidium  on 
phosphorylation  of  AChE  by  OPs  have  not  been  widely  studied. 


Fig.  3.  Phosphorylation  of  erythrocyte  AChE  by  EMPC  in  the 
presence  and  absence  of  peripheral  site  ligands.  Rate  constants  k, 
measured  by  spectrofluorometric  detection  of  7HMC  as  outlined  under 
“Experimental  Procedures”  (see  also  Fig.  2A),  were  plotted  against  the 
EMPC  concentration  and  fitted  to  Equation  3  (lines)  to  obtain  Aqp  ^^d 
kop/Kop  (Table  I).  Panel  A,  O  indicates  no  inhibitor;  k^p  =  ^2  ~  - 

9  min"’  and  kop/K^p  =  kJK^  =  0.95  ±  0.04  pM"’  min"’.  A  indicates 
plus  30  pM  propidium;  k^p  =  900  ±  500  min"’  and  kop/Kop  =  0.37  ± 
0.02  pM"’  min"’.  Points  for  [EMPC]  £  200  pM  are  shown  as  means  of 
two  to  nine  k  measurements.  Panel  B,  O  indicates  plus  1.3  pM  fascicu¬ 
lin;  kop  =  0.46  ±  0.09  min"’  and  kop/Kop  =  0.0013  ±  0.0001  pM"’ 
min"’. 

In  Fig.  3A  we  show  that  propidium  decreased  UqpIKqp  but 
increased  kop  for  the  phosphorylation  of  AChE  by  EMPC.  The 
decrease  in  Hqp/Kqp  was  small  (2.6-  and  1.5-fold,  for  the  eryth¬ 
rocyte  and  recombinant  enzymes,  respectively  (Table  I))  and 
consistent  with  those  reported  previously  for  neutral  OPs  with 
T.  californica  AChE  (29).  This  small  decrease  appears  consist¬ 
ent  with  the  prediction  of  our  steric  blockade  model  that  small 
peripheral  site  inhibitors  like  propidium  will  have  little  effect 
on  the  reaction  of  substrates  that  equilibrate  with  AChE  (7;  see 
Footnote  3  and  Discussion).  The  extent  of  the  increase  in  Ijqp 
for  EMPC  when  propidium  is  bound  was  less  clear  because  the 
very  slight  curvature  of  the  plot  with  propidium  in  Fig.  3A 
made  extrapolation  to  Aqp  problematic.  Inclusion  of  30  p.M 
propidium  increased  the  K^p  for  EMPC  by  factors  of  15  ±  9  and 
6  ±  2  for  the  two  AChEs  to  a  value  greater  than  1  mM,  and 
increased  signal  to  noise  prevented  us  from  extending  the 
EMPC  concentration  into  the  mM  range  to  improve  the  preci¬ 
sion  of  these  factors.  Insertion  of  these  factors  into  Equation  6 
and  calculation  from  Equation  5  indicated  that  both  K^ilK^  and 
a  in  Scheme  1  were  on  the  order  of  10  (Table  I),  indicating  both 
lower  affinity  and  higher  reactivity  of  EMPC  in  the  ternary 
complex  with  AChE  and  propidium.  Propidium  (30  /xm)  had  a 
more  pronounced  effect  on  UqpIKqp  for  DEPQ,  producing  18- 
and  14-fold  decreases  for  the  two  AChEs  (Table  I).  These  fac¬ 
tors  again  are  consistent  with  those  reported  previously  for 
cationic  OPs  with  T.  californica  AChE  (29).  As  observed  for 
EMPC,  bound  propidium  also  increased  Kqp  for  DEPQ  to  the 
point  where  it  became  technically  difficult  to  measure  the  cor¬ 
responding  feop.  It  appeared  that  for  DEPQ  with  propidium 
was  at  least  as  large  as  k^p  for  DEPQ  alone  (Table  I),  but  more 
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Table  I 

Rate  constants  for  the  phosphorylation  ofAChE  by  OPs 


Rate  constants  were  calculated  from  the  dependence  of  k  on  [OP]  as  outlined  under  “Experimental  Procedures.” 


Enzyme,  OP,  and  inhibitor 

Fluorescent  product  release 

Enzyme  inactivation 

kop 

kop/Kop 

kop/Kop 

min"' 

a 

fm  '  min  ' 

Relative 

decrease 

(fold) 

/xM"'  min"' 

Relative 

decrease 

(fold) 

Erythroc5fte 

EMPC 

None 

149  ±  9 

0.95  ±  0.04 

0.82  ±  0.03 

Propidium 

900  ±  500“ 

11  ±  12 

0.37  ±  0.02 

2.6 

0.30  ±  0.01 

2.7 

Fasciculin 

0.46  ±  0.09 

0.003 

0.0013  ±  0.0001 

730 

0.18  ±  0.01 

4.6 

Fasiculin  -1-  DEPQ*" 

0.0013  ±  0.0001 

630 

DEPQ 

None 

1,600  ±  300 

193  ±  13 

151  ±  8 

Propidium 

1,100  ±  500 

al 

11  ±  1 

18 

6.0  ±  0.2 

25 

Fasciculin 

0.45  ±  0.09“ 

0.0003 

0.0016  ±  0.0001 

120,000 

63  ±  10 

2.4 

Recombinant 

EMPC 

None 

150  ±  11 

0.67  ±  0.03 

0.83  ±  0.02 

Propidium 

570  ±  140“ 

4.4  ±  1.5 

0.45  ±  0.02 

1.5 

0.31  ±  0.02 

2.7 

Fasciculin 

0.23  ±  0.08 

0.002 

0.0011  ±  0.0002 

600 

0.24  ±  0.02 

3.5 

Fasiculin  +  DEPQ* 

0.0019  ±  0.0002 

440 

DEPQ 

None 

1,600  ±  200 

205  ±  11 

99  ±  3 

Propidium 

1,200  ±  400 

al 

15  ±  1 

14 

5.2  ±  0.4 

19 

Fasciculin 

0.66  ±  0.10" 

0.0003 

0.0010  ±  0.0001 

220,000 

32  ±  17 

3.0 

“  The  maximum  [OP]  employed  did  not  exceed  80%  of  the  estimated  Kqp,  and  therefore  estimates  of  are  approximate. 

*  AChE  was  first  preincubated  with  fasciculin  then  with  DEPQ  to  eliminate  the  fasciculin-resistant  AChE  population  (see  “Results”). 


precise  estimates  were  not  possible. 

Unlike  propidium,  the  binding  of  fasciculin  to  the  AChE 
peripheral  site  had  a  drastic  effect  on  the  phosphorylation  of 
AChE  by  OPs  (Fig.  3S).  At  saturating  fasciculin  concentrations 
(10'‘  to  10®  times  greater  than  its  Ki),  kop/KQp  was  decreased 
about  700-fold  for  EMPC  and  by  about  10®  for  DEPQ.  Bound 
fasciculin  also  decreased  Aqp  both  OPs  by  factors  of  300- 
4,000  (Table  I).  The  amplitudes  of  the  OP  reactions  with  the 
fasciculin-AChE  complex  again  were  consistent  with  the  AChE 
normality,  indicating  that  most  of  the  enzyme  was  involved  in 
the  slowly  reacting  complex.  A  previous  report  of  the  effects  of 
bound  fasciculin  on  the  reaction  of  AChE  with  the  OPs  echo- 
thiophate  and  paraoxon  found  only  modest  decreases  of  less 
thEin  an  order  of  magnitude  for  either  k^p/K^p  or  Aqp  (30)- 
These  relative  chEuiges  in  rate  constants,  however,  were  deter¬ 
mined  from  rates  of  enzyme  inactivation  monitored  by  progres¬ 
sive  reductions  in  the  residual  activity  of  the  fasciculin-AChE 
complex,  not  from  the  release  of  the  OP  leaving  group.  To 
assess  whether  there  were  discrepancies  between  these  meth¬ 
ods,  we  repeated  measurements  of  EMPC  and  DEPQ  reaction 
rate  constants  by  following  enzyme  inactivation. 

Measurement  of  AChE  Phosphorylation  by  OPs  by  Enzyme 
Inactivation — We  measured  AChE  inactivation  by  EMPC  and 
DEPQ  without  the  use  of  stopped-flow  kinetic  methods,  and  our 
determinations  were  limited  to  the  second-order  phosphoryla¬ 
tion  rate  constants  UqpIKqp.  With  either  OP  alone  or  in  the 
presence  of  propidium,  values  of  kopIKop  determined  by  inac¬ 
tivation  were  in  agreement  with  those  from  spectrofluorometric 
assays  within  about  a  factor  of  2  (Table  I).  However,  when  the 
reaction  of  either  OP  was  measured  in  the  presence  of  fascicu¬ 
lin,  a  striking  discrepancy  between  the  two  methods  became 
apparent.  Bound  fasciculin  decreased  ^qp^^op  determined  by 
inactivation  only  2-5-fold  (Table  D,  in  agreement  with  the 
above  report  by  Radic  et  al.  (30)  but  in  contrast  to  the  decreases 
of  up  to  10®-fold  determined  by  spectrofluorometry  (Table  D- 
The  discrepancy  raised  a  concern  that  the  enz3mie  activity 
observed  during  inactivation  by  OPs  did  not  arise  from  the 
fasciculin-AChE  complex.  Because  fasciculin  binding  reduces 
the  activity  of  human  AChE  preparations  to  a  residual  0.1-1% 


of  the  activity  of  the  free  enzyme  (6),  a  tiny  fraction  of  the  AChE 
preparation  resistant  to  fasciculin  inhibition  for  any  reason 
could  become  the  dominant  activity  during  the  OP  inactivation 
measurements.  To  examine  this  possibility,  we  altered  the 
ratio  of  the  OP  to  the  AChE  concentrations  for  the  inactivation 
reaction  in  the  presence  of  saturating  fasciculin.  When  the 
DEPQ/AChE  ratio  was  a  typical  value  of  8,  about  80%  of  the 
residual  fasciculin-AChE  activity  was  inactivated  with  a  rate 
constant  k  consistent  with  the  kQp/KQp  of  6.2  X  10^  min”^ 
in  Table  I  (lower  trace,  Fig.  4).  The  inactivation  reaction  was 
then  repeated  at  the  same  concentration  of  DEPQ  but  with  50 
times  as  much  AChE  ii.e.  [AChE]/[DEPQ]  =  6).  If  all  of  the 
fasciculin-AChE  complex  could  react  with  DEPQ  at  the  previ¬ 
ous  rate,  only  about  17%  of  the  residual  activity  should  have 
been  inactivated  before  DEPQ  was  completely  depleted;  in  fact 
we  continued  to  observe  80%  inactivation  with  about  the  same 
k  value  (data  not  shown).  Repeating  the  inactivation  reaction 
again  with  a  ratio  [AChE]/[DEPQ]  =  60  finally  did  result  in 
depletion  of  the  DEPQ  but  not  before  more  than  40%  of  the 
residual  fasciculin-AChE  activity  was  inactivated  (upper  trace, 
Fig.  4).  These  data  indicated  that  only  a  few  percent  of  the  total 
AChE  concentration  was  involved  in  the  observed  inactivation 
reaction. 

To  quantify  this  point,  we  titrated  several  AChE  stocks  with 
DEPQ  in  the  presence  and  absence  of  fasciculin  by  measuring 
inactivation.  Examples  of  these  titrations  are  shown  in  Fig.  5. 
As  expected  in  the  absence  of  fasciculin,  the  stoichiometric 
amoxmt  of  DEPQ  required  for  complete  inactivation  was  within 
about  15%  of  the  AChE  active  site  concentration  calculated 
from  the  initial  activity  (Fig.  5A).  In  the  presence  of  saturating 
fasciculin,  however,  less  than  100%  of  the  residual  activity  was 
rapidly  inactivated  (Fig.  5,  B  and  C).  We  fitted  these  titration 
data  to  a  model  with  two  enz5mie  populations,  one  that  was 
relatively  rapidly  inactivated  by  DEPQ  and  the  other  that 
reacted  with  DEPQ  at  the  very  low  rate  constants  measured  by 
the  fluorescence  assays  in  Table  I.  The  rapidly  inactivated 
population  corresponded  to  5%  of  the  total  AChE  concentration 
in  Fig.  5B  and  40%  in  Fig.  5C.  These  percentages  varied  among 
AChE  stocks,  with  erythrocyte  AChE  t3q)ically  giving  about  5% 
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time,  min 

Fig.  4.  Inactivation  of  the  residual  activity  of  the  fasciculin- 
AChE  complex  by  DEPQ  at  two  ratios  of  the  DEPQ  to  AChE 
concentrations.  Erythrocyte  AChE  at  0.16  nM  (O)  and  80  nM  (A)  was 
incubated  for  10  min  with  faaciculin  at  50  nM  (O)  and  500  nM  (A),  and 
inactivation  was  initiated  by  the  addition  of  DEPQ  to  a  final  concen¬ 
tration  of  1.4  nM.  Aliquots  were  assayed  at  the  indicated  times  as 
outlined  under  “Experimental  Procedures."  Assay  points  v  were  nor¬ 
malized  to  corresponding  control  residual  activities  with  fasciculin  but 
without  DEPQ  (odepq  -  o)  ^nd  fitted  to  Equation  7  (lines)  to  obtain  a 
value  of  k  for  each  curve. 

and  two  preparations  of  recombinant  AChE  exhibiting  2  and 
40%,  respectively.  These  data  thus  are  consistent  with  the 
assignment  of  a  small  hut  variable  fraction  of  the  AChE  as  a 
population  that  is  largely  resistant  to  fasciculin  inhibition. 

We  next  confirmed  that  the  residual  activity  remaining  after 
the  rapid  inactivation  hy  DEPQ  in  Fig.  5,  B  and  C,  in  fact  did 
correspond  to  the  fasciculin-AChE  complex.  This  involved  dem¬ 
onstrating  that  this  residual  activity  was  slowly  inactivated  by 
OPs  at  the  same  low  rate  constants  determined  with  the  fluo¬ 
rescence  assays  in  Table  I.  AChE  was  incubated  with  fascicu¬ 
lin,  and  activity  from  the  fasciculin-resistant  population  was 
removed  by  rapid  inactivation  with  10-60  nM  DEPQ  (see  “Ex¬ 
perimental  Procedures”).  The  activity  remaining  after  this 
treatment  (e.g.  the  activity  remaining  after  60  min  in  the  lower 
trace  of  Fig.  4)  was  then  progressively  inactivated  by  further 
incubation  with  EMPC,  and  Aiop/Kop  was  determined  as  above. 
These  values  of  ^qp^^op  from  inactivation  were  now  in  good 
agreement  with  the  values  of  Uq^Kqp  obtained  for  the  reac¬ 
tion  of  EMPC  with  the  fasciculin-AChE  complexes  by  fluores¬ 
cence  assay  (e.g.  1.3  X  10®  M'®  min-*  for  erythrocyte  AChE  in 
Table  D. 

Detection  of  More  Than  One  Population  of  AChE  in  the  Pres¬ 
ence  of  Fasciculin  by  Fluorometry — As  our  last  demonstration 
of  the  consistency  between  the  fluorescence-  and  inactivation- 
based  assays,  we  reexamined  the  release  of  fluorescent  7HMQ 
from  the  reaction  of  DEPQ  with  AChE  when  fasciculin  was 
present.  Because  this  method  does  not  depend  on  residual 
enz5rme  activity,  the  fasciculin-resistant  population  can  be 
monitored  separately  from  the  fasciculin-AChE  complex  simply 
by  altering  the  time  of  measurement  and  the  concentration  of 
DEPQ  (Fig.  6).  In  Fig.  6A,  DEPQ  was  7-14-fold  in  excess  of  the 
expected  fasciculin-resistant  population  of  AChE.  A  hurst  of 
7HMQ  was  released  in  the  initial  minute  of  reaction,  and  the 
amplitude  of  this  hurst  indicated  that  approximately  2-3%  of 
the  recomhinant  AChE  concentration  had  reacted.  This  per¬ 
centage  agreed  with  the  percentage  of  rapidly  inactivated 
AChE  obtained  by  an  inactivation  titration  like  those  in  Fig.  5 
for  this  recombinant  AChE  sample  (data  not  shown).  When  the 
DEPQ  concentration  was  increased  by  a  factor  of  25  (Fig.  6B), 
the  initial  hurst  in  Fig.  6A  became  too  fast  to  measure,  but  the 
slower  reaction  of  DEPQ  with  the  fasciculin-AChE  complex 
became  apparent.  As  expected,  the  amplitude  of  this  reaction 
corresponded  to  the  total  AChE  concentration,  and  the  k  value 


[DEPQ],  nM 

Fig.  5.  Titration  of  AChE  with  DEPQ  in  the  presence  and 
absence  of  fasciculin.  Erythrocyte  (eryth)  or  recombinant  (rec)  AChE 
was  incubated  with  or  without  fasciculin  for  10-30  min  and  mixed  with 
an  equal  volume  of  DEPQ  for  90-120  min  as  outlined  under  “Experi¬ 
mental  Procedures.”  Each  point  represents  one  mixture  with  the  indi¬ 
cated  final  concentrations  of  DEPQ,  AChE,  and  fasciculin.  Aliquots 
(15-20  /il)  were  then  diluted  50-fold  (panels  B  and  C)  or  200-fold  (panel 
A)  into  the  standard  acetylthiocholine  solution  for  assay.  Observed  v 
were  normalized  to  Odepq  -  o  obtained  in  the  absence  of  DEPQ,  and 
titration  lines  fitting  the  stoichiometric  amount  of  DEPQ  required  to 
give  complete  rapid  inactivation  were  calculated  with  the  SCoP  pro¬ 
gram.  The  calculated  concentrations  of  rapidly  inactivated  AChE  were 
32  nM  (panel  A),  13  nM  (panel  B),  and  43  nM  (panel  C)  and  correspond 
closely  to  the  intersections  of  the  lines  in  the  plots.  [The  SCoP  simula¬ 
tion  program  (7)  was  applied  to  two  populations  of  AChE  which  reacted 
with  DEPQ  according  to  Scheme  1  to  fit  the  data  in  Fig.  5,  B  and  C.  Rate 
constant  assignments  for  the  fasciculin-inhibited  population  were 
taken  from  Footnote  3;  for  DEPQ  with  the  fasciculin-resistant 

population  was  assigned  as  1  X  10®  M'^  min“r^  and  the  measured 
nonenzymatic  DEPQ  hydrolysis  rate  was  1.4  x  IQ—*  min“*  (data  not 
shown).  The  fitted  variables  were  the  ratio  of  the  concentrations  of  the 
two  populations  and  the  ratio  of  their  acetylthiocholine  hydrolysis 
rates.] 
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Fig.  6.  Resolution  of  more  than  one  population  of  AChE  in  the 
presence  of  fasciculin  hy  fluorometric  assay  with  DEPQ.  Panel 
A,  recombinant  AChE  (200  nM)  was  preincubated  with  fasciculin  (1.0 
pM)  before  mixing  with  an  equal  volume  of  380  nM  DEPQ  in  the 
stopped-flow  accessory,  and  generation  of  7HMQ  was  monitored  by 
spectrofluorometry  as  in  Fig.  2.  Panel  B,  recombinant  AChE  (200  nM) 
was  preincubated  with  fasciculin  (1.0  ;im)  before  conventional  mixing 
with  an  equal  volume  of  10  fiM  DEPQ,  and  generation  of  7HMQ  was 
monitored  as  in  panel  A.  A  value  of  A  =  0.01  min“‘  was  estimated  by 
fitting  the  data  ui  panel  B  with  Equation  1.  Dashed  lines  indicate  blank 
DEPQ  hydrolysis  rates  measured  in  the  absence  of  AChE. 

was  consistent  with  the  HqjJKqp  determined  by  fluorometry  for 
the  reaction  of  DEPQ  with  AChE  in  the  presence  of  fasciculin 
(Table  I). 

DISCUSSION 

In  this  paper,  we  report  kinetic  parameters  for  the  phospho¬ 
rylation  of  AChE  by  two  fluorogenic  OPs,  EMPC  and  DEPQ 
(Fig.  1).  Both  human  erythrocyte  AChE  and  recombinant  hu¬ 
man  AChE  produced  from  a  high  level  Drosophila  S2  cell 
expression  system  were  examined.  Because  this  expression 
system  3delds  more  than  20  mg  of  purified  AChE  from  2  liters 
of  medium  after  10  days  of  continuous  culture,  it  is  attractive 
for  the  preparation  of  wild  type  and  site-specific  mutants  of 
AChE  for  comparative  kinetic  analyses  and  x-ray  crystallogra¬ 
phy.  The  agreement  of  the  phosphorylation  kinetic  parameters 
in  Table  I  for  the  two  AChEs  provides  important  confirmation 
that  the  recombinant  enzyme  retains  the  catalytic  properties  of 
endogenous  AChEs.  EMPC  emd  DEPQ  were  particularly  useful 
organophosphorylation  reagents  because  their  reactions  with 
AChE  were  observed  both  directly  by  fluorometry  and  indi¬ 
rectly  by  enzyme  inactivation,  their  high  phosphorylation  rate 
constants  approximated  those  for  OPs  used  in  chemical  war¬ 
fare  applications,  and  their  charges  differed,  allowing  compar¬ 
ison  of  neutral  EMPC  with  cationic  DEPQ.  We  focused  specif¬ 
ically  on  the  effects  of  bound  peripheral  site  ligands  on  AChE 
phosphorylation  by  OPs.  Characterization  of  these  effects  is  of 
great  interest  because  it  may  be  possible  to  design  a  peripheral 
site  ligand  that  will  block  OP  inactivation  of  AChE  specifically 
while  allowing  sufficient  acetylcholine  hydrolysis  activity  to 
maintain  ssmaptic  transmission. 

To  pursue  this  goal  we  first  compared  the  effects  on  AChE 
phosphorylation  of  two  ligands  that  bind  specifically  to  the 
peripheral  site,  the  small  phenanthridinium  derivative  pro- 
pidium  and  the  61-residue  polypeptide  fasciculin.  Propidium  is 
a  potent  inhibitor  of  substrate  hydrolysis  by  AChE,  decreasing 
the  second-order  rate  constant  ^cat/^app  for  acetylthiocholine 
and  phenyl  acetate  by  factors  of  15-50  and  the  first-order  rate 
constant  by  factors  of  2-10  (7).  To  account  for  this  inhibi¬ 
tion,  we  proposed  a  steric  blockade  model  in  which  the  primary 
effect  of  a  small  peripheral  site  ligand  like  propidium  is  to  slow 
the  association  and  dissociation  rate  constants  for  hgand  bind¬ 
ing  to  the  acylation  site  without  significantly  altering  their 
ratio,  the  equilibrium  constant  (7,  8).  One  objective  in  propos¬ 
ing  this  model  was  to  demonstrate  that  inhibition  by  peripheral 
site  ligands  could  be  explained  without  invoking  a  conforma¬ 


tional  change  in  the  acylation  site  induced  by  the  binding  of 
ligand  to  the  peripheral  site.  Our  steric  blockade  model  was 
supported  by  direct  measurements  with  the  acylation  site  li¬ 
gands  huperzine  A  and  TMTFA:  bound  propidium  decreased 
the  association  rate  constants  49-  and  380-fold  and  the  disso¬ 
ciation  rate  constants  10-  and  60-fold,  respectively,  relative  to 
the  rate  constants  for  these  acylation  site  ligands  with  free 
AChE  (7).  The  model  also  was  supported  by  computer  simula¬ 
tions  of  substrate  hydrolysis  based  on  Scheme  1.  When  the 
binding  of  substrate  to  the  acylation  site  failed  to  reach  equi¬ 
librium,  the  observed  level  of  propidium  inhibition  could  be 
reproduced  (7).  On  the  other  hand,  the  model  predicts  that 
propidium  should  have  little  effect  on  the  reaction  of  a  sub¬ 
strate  that  essentially  equilibrates  with  the  acylation  site.  Few 
reports  in  the  literature  include  data  that  allow  this  prediction 
to  be  examined,  but  it  is  supported  by  a  recent  investigation  of 
aryl  acylamidase  activity  in  AChE  (31).  The  peripheral  site 
ligands  propidium  and  gallamine  failed  to  inhibit  AChE-cata- 
lyzed  hydrolysis  of  aryl  acylamides,  which  are  hydrolyzed 
slowly  by  AChE  and  thus  should  equilibrate  with  the  acylation 
site  (32),  but  gave  typical  inhibition  of  acetylthiocholine 
hydrolysis. 

The  reaction  of  OPs,  including  EMPC  and  DEPQ,  with  AChE 
appears  to  involve  equilibration  of  the  OP  with  the  acylation 
site  (see  Footnote  3).  Table  I  indicates  that  propidium  did  have 
modest  effects  on  for  both  EMPC  and  DEPQ. 

Do  these  observations  invalidate  our  steric  blockade  model  and 
require  that  the  binding  of  propidium  induce  a  conformational 
change  in  the  acylation  site?  We  argue  that  they  do  not,  if  the 
model  is  extended  to  allow  an  unfavorable  electrostatic  inter¬ 
action  or  a  steric  overlap  between  propidium  at  the  peripheral 
site  and  an  OP  at  the  acylation  site  in  the  AChE  ternary 
complex.  The  need  for  such  an  extension  in  fact  has  been 
recognized  in  our  previous  studies  because  small  decreases  in 
the  affinity  of  ligands  in  ternary  AChE  complexes  relative  to 
the  corresponding  binary  complex  are  observed  consistently  (7). 
For  example,  from  the  rate  constants  noted  above  one  can 
calculate  that  the  affinities  of  huperzine  A  and  TMTFA  for  the 
acylation  site  decreased  by  factors  of  5-6  when  propidium  was 
bound  to  the  peripheral  site.  Computer  modeling  revealed  no 
steric  overlap  between  the  ligands  in  these  ternary  complexes 
(7),  so  the  decreased  affinity  must  result  from  unfavorable 
electrostatic  interaction  between  these  cationic  ligands.  Ex¬ 
tending  these  observations  to  the  OPs,  a  decrease  in  affinity  for 
EMPC  and  DEPQ  also  was  apparent  when  propidium  was 
bound  to  the  peripheral  site.  Insertion  of  data  from  Table  I  into 
Equation  6  indicated  that  this  decrease  (given  by  KsJKi  = 
KgJKs)  was  about  an  order  of  magnitude  for  both  OPs.  There 
was  also  a  clear  increase  in  the  k^p  for  EMPC  (a  >  1  in  Table 
I)  and  a  possible  increase  in  for  DEPQ  when  propidium  was 
bound,  consistent  with  an  acceleration  of  first-order  phospho¬ 
rylation  rate  constants  by  bound  peripheral  site  ligands  re¬ 
ported  recently  by  Radic  (33,  34).  It  has  long  been  known  that 
Uqp/Kqp  for  the  reaction  of  neutral  OPs  with  AChE  varies 
smoothly  and  monotonically  with  the  pK^  of  the  leaving  group 
(27).  This  suggests  that  cleavage  of  the  leaving  group  ester 
bond  of  the  OP  is  prominent  in  the  rate-limiting  step  for  phos¬ 
phorylation  of  AChE.  Computer  modeling  revealed  a  clear  un¬ 
favorable  steric  overlap  between  propidium  in  the  peripheral 
site  and  the  leaving  group  of  either  EMPC  or  DEPQ  in  the 
acylation  site  (data  not  shown;  35).  This  steric  overlap  could 
contribute  to  the  decrease  in  affinity  for  both  neutral  EMPC 
and  cationic  DEPQ,  and  it  could  induce  molecular  or  electronic 
strain  caused  by  the  proximity  of  propidium  to  the  OP  in  the 
ternary  complex  to  increase  kQp.  This  increase  would  not  re¬ 
quire  an  induced  conformational  change  in  the  acylation  site 
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when  propidium  alone  is  bound  but  would  result  from  a  change 
in  ligand  configuration  or  overall  conformation  in  the  ternary 
complex. 

The  consequences  of  fasciculin  binding  to  the  peripheral  site 
of  AChE  on  phosphorylation  kinetic  parameters  for  EMPC  and 
DEPQ  were  qualitatively  different  from  those  of  propidium. 
Values  of  were  decreased  by  factors  of  10®  to  10®,  and 

^op  was  decreased  by  factors  of  300-4,000  (Table  I).  Fasciculin 
has  been  shown  to  present  a  substantial  steric  blockade  to  the 
entrance  and  exit  of  ligands  that  bind  to  the  acylation  site: 
association  and  dissociation  rate  constants  for  the  binding  of 
V-methylacridinium  were  decreased  8,000-  and  2,000-fold,  re¬ 
spectively,  when  fasciculin  was  bound  (36).  However,  steric 
blockade  of  OP  association  and  dissociation  rate  constants  can¬ 
not  account  for  the  effects  of  fasciculin  on  the  phosphorylation 
rate  constants.  Because  OPs  essentially  equilibrate  with  the 
acylation  site,  a  steric  blockade  of  OPs  by  fasciculin  that  re¬ 
sulted  in  even  a  100,000-fold  decrease  in  association  rate  con¬ 
stant  =  10“®)  would  result  in  less  than  a  10%  decrease 

in  and  no  change  in  Footnote  3).  The  pro¬ 

nounced  fasciculin  inhibition  of  AChE  phosphorylation  re¬ 
quires  an  additional  interaction  between  fasciculin  and  the 
acylation  site.  One  possibility  might  be  an  unfavorable  steric 
overlap  between  fasciculin  at  the  peripheral  site  and  an  OP  at 
the  acylation  site  in  the  AChE  ternary  complex,  but  the  three- 
dimensional  structure  of  the  fasciculin-AChE  complex  shows 
no  penetration  of  the  acylation  site  by  fasciculin  which  would 
lead  to  such  an  interaction.  Therefore,  the  additional  interac¬ 
tion  must  involve  a  conformational  change  in  the  acylation  site 
induced  by  bound  fasciculin.  Crystal  structure  analyses  of  fas- 
ciculin-AChE  complexes  (3,  4)  show  that  fasciculin  2  interacts 
not  only  with  Trp®^®  in  the  peripheral  site  but  also  with  resi¬ 
dues  on  the  outer  surface  of  an  aploop  within  4  A  of  Trp®'*  in  the 
acylation  site,  well  beyond  the  region  of  the  peripheral  site 
occupied  by  propidium  (7,  37).  These  more  extensive  surface 
interactions  provide  a  structural  basis  for  an  inhibitory  confor¬ 
mational  effect  on  the  acylation  site  when  fasciculin  but  not 
when  propidium  is  bound  to  the  peripheral  site. 

Second-order  phosphorylation  rate  constants  kop/Kop  ob¬ 
tained  for  EMPC  or  DEPQ  alone  or  in  the  presence  of  pro¬ 
pidium  were  in  good  agreement  when  measured  either  by  re¬ 
lease  of  the  fluorescent  leaving  group  or  by  enzyme  inactivation 
(Table  I).  In  the  presence  of  fasciculin,  however,  kQpIK^p  values 
determined  by  enz3Tne  inactivation  were  100-fold  greater  for 
EMPC  and  10^-fold  greater  for  DEPQ  than  the  corresponding 
values  measured  fluorometrically.  Through  a  series  of  titra¬ 
tions  like  those  in  Fig.  5,  this  discrepancy  was  shown  to  arise 
from  misleading  inactivation  measurements  caused  by  a  small 
fraction  of  the  total  AChE  (less  than  5%,  except  for  one  prep¬ 
aration)  which  remained  largely  resistant  to  inhibition  by  fas¬ 
ciculin.  This  fraction  thus  accounted  for  most  of  the  enzyme 
activity  in  the  presence  of  fasciculin  and  was  inactivated  by 
both  OPs  much  more  rapidly  than  the  fasciculin-AChE  complex 
was  phosphorylated.  In  support  of  this  explanation,  reexami¬ 
nation  of  the  release  of  fluorescent  7HMQ  from  DEPQ  in  the 
presence  of  fasciculin  revealed  a  small  initial  burst  that  was  in 
stoichiometric  agreement  with  the  fraction  of  AChE  that  was 
rapidly  inactivated  (Fig.  6A).  The  population  of  AChE  resistant 
to  fasciculin  inhibition  may  itself  be  heterogeneous.  The  titra¬ 
tion  curves  in  Fig.  5,  B  and  C,  were  not  fit  precisely  by  a  model 
with  two  forms  of  AChE,  and  the  deviation  suggested  a  third 
form  with  somewhat  less  resistance  to  fasciculin  inhibition.  In 
addition,  the  initial  burst  of  7HMQ  release  in  Fig.  6A  could  not 
be  fit  to  a  single  exponential  release  of  7HMQ  but  instead 
corresponded  to  two  release  reactions,  the  faster  of  which  cor¬ 
responded  to  the  k(yplK(yp  initially  observed  for  fascicuhn  inhi¬ 


bition  of  inactivation  by  DEPQ  (Table  I).  Other  uncertainties 
involve  the  source  of  the  population  of  fasciculin-resistant 
AChE  or  the  process  whereby  it  was  produced.  Each  AChE 
preparation  we  examined,  whether  eiythrocyte  or  recombi¬ 
nant,  showed  this  resistant  population,  but  its  extent  varied 
among  different  affinity  chromatography  preparations.  This 
population  may  represent  a  portion  of  the  AChE  which  has 
undergone  an  undefined  chemical  modification  that  alters  the 
affinity  of  fasciculin  for  the  peripheral  site  and/or  the  catalytic 
efficiency  of  the  fasciculin-AChE  complex.  Estimates  of 
k(yp/KQp  for  this  population  in  the  presence  of  fasciculin  from 
the  inactivation  data  in  Table  I  were  only  2-5-fold  lower  than 
UqpIKqp  for  AChE  alone,  and  these  estimates  were  relatively 
insensitive  to  the  saturating  fasciculin  concentration  (data  not 
shown).  Furthermore,  calculations  from  the  titration  data  in 
Fig.  5  indicated  an  acetylthiocholine  turnover  rate  for  this 
population  which  was  about  30%  of  that  for  free  AChE  (data 
not  shown).  These  comparisons  suggest  that  catalysis  at  the 
acylation  site  is  only  slightly  less  efficient  in  the  fasciculin- 
resistant  population  than  in  the  predominant  conventional 
AChE.  Fasciculin  does  appear  to  interact  weakly  with  this 
resistant  population,  resulting  in  3-5-fold  decreases  in  ^op/Kop 
for  EMPC  and  DEPQ  (Table  I).  A  fasciculin-resistant  popula¬ 
tion  also  may  dominate  the  activity  of  recombinant  mouse 
AChE  in  the  presence  of  fasciculin:  the  addition  of  fascicuhn 
induced  biphasic  phosphorylation  rates  and  only  modest  de¬ 
creases  in  phosphorylation  rate  constants  and  TMTFA  associ¬ 
ation  and  dissociation  rate  constants  (less  than  20-fold;  30).  It 
is  possible  that  the  population  of  AChE  resistant  to  fasciculin 
can  be  distinguished  even  in  the  absence  of  fasciculin  as  the 
fraction  of  AChE  that  imderwent  a  slower  reaction  with  DEPQ 
in  Fig.  2.  The  amount  of  this  fraction  (about  10%  of  the  total 
AChE)  and  its  phosphorylation  rate  constant  (about  10%  of  the 
k  for  the  faster  phase)  are  roughly  consistent  with  the  data  for 
the  fasciculin-resistant  population. 

Regardless  of  the  origin  of  the  fasciculin-resistant  popula¬ 
tion,  it  is  significant  because  it  obscures  the  kinetic  properties 
of  the  actual  fasciculin-AChE  complex  measured  by  enz3mie 
inactivation,  both  in  our  measurements  (Table  I)  and  appar¬ 
ently  in  those  of  Radic  et  al.  (30).  We  overcame  this  problem  by 
exploiting  the  relatively  high  sensitivity  of  the  fasciculin-resist¬ 
ant  population  to  DEPQ.  Incubation  of  small  amounts  of  AChE 
(3-20  nM)  in  the  presence  of  fasciculin  with  10-60  nM  DEPQ 
was  sufficient  to  inactivate  this  population  in  60  min,  and  the 
kinetic  parameters  of  the  fascicuhn-AChE  complex  then  could 
be  measured  by  inactivation.  For  example,  measurement  of 
kopIKop  for  EMPC  after  this  treatment  gave  good  agreement 
with  the  Hqp/Kqp  values  determined  for  EMPC  with  the  fasci¬ 
culin-AChE  complex  by  fluorometry  (Table  I).  In  addition  to 
phosphorylation  kinetic  parameters,  it  may  be  necessary  to 
employ  DEPQ  inactivation  to  reevaluate  kinetic  parameters  for 
the  reaction  of  substrates  (6)  and  TMTFA  (30)  with  fasciculin- 
AChE  complexes. 
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